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Abstract
Photoacoustic spectroscopy is a well-established gas traces optical detection
technique, which consists in the generation of an acoustic wave in the investi-
gated gas compound excited by a modulated laser beam, and in the detection
of this sound wave with a sensitive microphone. The sensitivity of this tech-
nique can be greatly enhanced through the use of acoustic resonators. A wide
range of resonant configurations has been developed and reported in the lit-
erature in the last decades. Among these, Helmholtz resonators are known
for their simplicity of implementation, though with a reduced efficiency. The
main goal of this work is to demonstrate that Helmholtz resonators can be
successfully applied to photoacoustic spectroscopy, delivering sensitivities in
the same order of magnitude as other more common configurations, as well as
offering a powerful tool to perform differential measurements.
Two Helmholtz-based sensors are presented within this thesis. The first
sensor has been developed for ammonia sensing, taking benefit from the prop-
erties of antimonide-based lasers; the final design has been the result of a care-
fully optimised compromise between high sensitivity, noise reduction, technical
constraints, compact size and straightforward use. After several implemented
improvements, an ultimate sub-ppm concentration detection limit has been
achieved.
The second sensor exploits the intrinsic phase shift existing between the
two volumes of a Helmholtz resonator to perform differential measurements.
Each of the two volumes of the resonator is filled with a different concentra-
tion of the same gas, whereas the exciting laser beam is split in two arms that
separately illuminate the volumes, the resulting photoacoustic signal being
proportional to the difference between the respective concentrations of the
probed gas in the volumes. A particular detection scheme has been imple-
mented to guarantee a linear measurement. The achieved sensitivity is not
as high as obtained with the first sensor; nonetheless, the developed sensor
offers the possibility to perform measurements that would otherwise require
two different sensing devices, resulting in a clear gain in terms of cost and of
detection complexity.
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Version abre´ge´e
La spectroscopie photoacoustique est une technique de de´tection optique bien
e´tablie dans le domaine de la mesure de traces de gaz, qui consiste en la
ge´ne´ration d’une onde acoustique dans le me´lange gazeux a` analyser, excite´
par un rayon laser, et en la de´tection de ce son par le biais d’un microphone tre`s
sensible. La sensibilite´ de cette technique peut eˆtre fortement ame´liore´e par
l’utilisation de re´sonateurs acoustiques. Une vaste gamme de configurations
re´sonantes a e´te´ de´veloppe´e et rapporte´e dans la litte´rature scientifique du-
rant les dernie`res de´ce´nies. Parmi celles-ci, les re´sonateurs de Helmholtz sont
connus pour leur simplicite´ de mise en œuvre, bien que leurs performances
ne soient ge´ne´ralement pas conside´re´es comme tre`s efficaces. Le but principal
de ce travail est de montrer que les re´sonateurs de Helmholtz peuvent eˆtre
utilise´s avec succe`s en spectroscopie photoacoustique, puisque ils de´montrent
des sensibilite´s du meˆme ordre de grandeur que d’autres configurations plus
classiques, et ils repre´sentent, en outre, un outil puissant pour effectuer des
mesures diffe´rentielles.
Deux capteurs base´s sur les re´sonateurs de Helmholtz sont pre´sente´s dans
cette the`se. Le premier a e´te´ de´veloppe´ pour la mesure de l’ammoniac, en
exploitant les proprie´te´s des lasers a` base d’antimoine. Le design final est
le re´sultat d’un judicieux compromis entre grande sensibilite´, re´duction du
bruit, contraintes techniques, dimensions compactes et facilite´ d’usage. Apre`s
l’apport de plusieurs ame´liorations, une limite de de´tection infe´rieure au ppm
a e´te´ obtenue.
Le deuxie`me capteur exploite le de´phasage intrinse`que qui existe entre
les deux volumes d’un re´sonateur de Helmholtz pour effectuer des mesures
diffe´rentielles. Chacun des deux volumes est rempli avec une concentration
diffe´rente du meˆme gaz, alors que le rayon laser est se´pare´ en deux bras qui
illuminent chaque volume; le signal photoacoustique qui en re´sulte est propor-
tionnel a` la diffe´rence entre les concentrations respectives du gaz a` analyser
dans chaque volume. Un sche´ma de de´tection adapte´ a e´te´ utilise´ pour garantir
une mesure line´aire. La sensibilite´ obtenue n’est pas aussi grande que dans le
premier cas; cependant, le capteur de´veloppe´ offre la possibilite´ d’effectuer un
type de mesure qui ne´cessiterait normalement de deux instruments diffe´rents,
avec un gain conside´rable en termes de couˆts et de complexite´ de mesure.
Mots-cle´s
Spectroscopie photoacoustique, re´sonateurs de Helmholtz, laser a` base d’antimoine,
mesures diffe´rentielles
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Chapter 1
Introduction
The detection of gases using laser sources is a constantly evolving research
domain. The significant progresses achieved in the last decades concerning
optical sources, amplifiers, detectors, etc. have decisively turned laser spec-
troscopy into a very powerful tool to perform gas measurements at trace level.
In purpose to better exploit the availability of new optical devices, there is a
growing demand for the optimisation of the various detection techniques, as
well as for the design of new types of sensors. The main goal of the present
work is to describe into details two fully novel configurations of spectroscopic
sensors, adapted to the properties of some recently developed laser sources,
and each one designed to suit the particular requirements of a different specific
application.
Gas monitoring at trace level is widely implemented in several application
fields, including atmospheric pollution control [1, 2, 3], industrial processes
[4, 5, 6], medical diagnostics [7, 8], life science studies [9, 10], and many oth-
ers. All these applications require sensitive measurements, with target con-
centrations ranging from few parts-per-million (ppm) to less than one part-
per-billion (ppb), and a good selectivity, in order to perform the detection
of one particular gas species among many others, (e.g. a particular pollu-
tant in the atmosphere). Other typical requirements are continuous and in
situ measurements, short response time and non-modification of the gaseous
compound.
Conventional spectroscopic techniques, such as chromatography, mass spec-
trometry or chemiluminescence, do not fulfill all the listed requirements; they
necessitate the extraction of a gas sample prior to laboratory analyses, which
results in a long response time and in the impossibility of a continuous moni-
toring; chemiluminescence, moreover, involves a chemical reaction in the gas
mixture, which induces a detrimental modification of the compound.
Laser spectroscopy provides an efficient tool to perform continuous, quasi-
real time, highly sensitive and selective detection of several gaseous species
without any irreversible modification in the analysed mixture. Sensitivity and
selectivity are guaranteed by the use of single-frequency sources, delivering
optical powers ranging from few milliwatts or tens of milliwatts (semiconduc-
tor lasers, quantum cascade lasers) to hundreds of milliwatts (external cav-
ity lasers, optical parametric oscillators) up to several watts (gas lasers), and
showing a linewidth which is usually smaller than a few megahertz, thus much
narrower with respect to any typical absorption line at ambient temperature
and pressure (in the gigahertz range [11]).
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The most interesting spectral region to perform laser spectroscopy is the
so-called mid infrared range (MIR, approximately between 2 and 10 µm), as in
this region many gas species show their fundamental, and therefore strongest,
absorption bands. The near infrared range (NIR, 0.7 - 2 µm) is very interesting
as well, despite the lower intensity of the absorption lines, on account of the
widespread availability of high quality and affordable cost sources, detectors,
amplifiers and several other optical devices from the telecommunications field.
On the contrary, the visible (0.4 - 0.7 µm) and ultraviolet (UV, less than 0.4
µm) ranges are not attractive to perform laser spectroscopy, mainly because
of the lack of efficient optical sources as wavelength becomes shorter.
Laser spectroscopic techniques are based on the absorption of an incident
light beam by the molecules of the probed gas. The transmitted light intensity
is usually measured, providing a direct knowledge of the target gas concentra-
tion, as far as absorption coefficient and interaction path length are known,
which is generally the case. This basic method suffers from a high background
signal, as the percentage of absorbed light is usually very small, resulting in a
strong dependence of the detection sensitivity on the laser power fluctuations,
and finally in a lower signal-to-noise ratio (SNR). Different techniques have
been developed to improve the sensing performances; among others, balanced
detection [12], which is an efficient way to suppress the offset signal; frequency
[13] or wavelength [14] modulation spectroscopy (FMS, WMS), which, in con-
junction with a lock-in detection, allow a significant noise reduction; cavity-
enhanced techniques such as cavity ring-down spectroscopy (CRDS) [15, 16],
which offers extremely long absorption paths due to the high reflectance of the
cavity mirrors, and is independent on laser power fluctuations, as a decaying
time is measured instead of an optical intensity.
Photoacoustic spectroscopy (PAS) is a completely different technique, de-
livering an indirect measurement of the optical energy which is absorbed by
the target gas. In fact, PAS is a calorimetric method based on the measure-
ment of the local heating produced by the absorption of the light radiation
by the probed gas molecules. When the laser light is modulated, the induced
heating gives rise to a pressure wave, which can be detected using a sensitive
microphone.
The main advantages of photoacoustic sensing can be summarised as fol-
lows:
• PAS is sensitive to the absorbed (and not to the transmitted) intensity,
so that the measured signal is equal to zero if the gas concentration is
null (zero-background technique).
• The detection is wavelength-independent, as it is performed using a
microphone instead of a photodetector. Hence PAS is particularly con-
venient in the MIR region, where photodetectors are costly and poorly
efficient.
• A very good linear dependence between measured signal and gas con-
centration is observed over several orders of magnitude.
• Very low detection limits can be reached thanks to suitable acoustic
resonant configurations.
• PA sensors can easily be compact, portable and small-sized.
3Since photoacoustic spectroscopy is an indirect technique, a calibration,
usually performed using certified gas cylinders, is needed to establish a uni-
vocal correspondence between PA signal and gas concentration.
The main limiting factor of photoacoustic measurements is the acoustic
noise, which directly affects the ultimate detection limit of a sensor; therefore,
PA sensors are usually equipped with efficient noise filtering devices.
A key issue in the design of a photoacoustic sensor is the measurement cell.
In conventional optical spectroscopy, the cell has the only purpose to avoid
mixing the investigated gas compound with the external air, and in some cases
to make low pressure measurements possible. When PAS is considered, the
cell is usually designed to act as an acoustic resonator, with the purpose to
enhance the generated photoacoustic signal [17].
The most common geometry for PA cells is a cylindrical resonator, excited
along one of its eigenmodes. This work will focus on another geometrical
configuration, known as Helmholtz resonator; Helmholtz resonators are based
on a different physical process, since the resonance is generated by an harmonic
movement of the whole volume of fluid inside the cell, and no standing waves
are observed. The aim of this thesis is to demonstrate that this kind of
resonator can offer a very attractive solution in specific applications, and turns
out to be well adapted to the characteristics of new types of laser sources.
In this purpose, two different Helmholtz-based photoacoustic sensors are
presented, each one developed for a particular application. The first one has
been designed to suit recently developed distributed feedback (DFB) anti-
monide lasers emitting above 2 µm, in order to perform ammonia detection at
ppm level. Helmholtz resonators conveniently fit the highly divergent beam
delivered by this type of lasers, since their resonance is equally excited in each
point of the cell, regardless of the laser beam position and shape.
The second sensor is intended to measure the difference between two con-
centrations of the same gas; in this case, the peculiar π phase shift existing
between the two volumes of a Helmholtz resonator is exploited, resulting in
the possibility to develop an intrinsically differential sensor.
Organisation of the work
This work mainly consists in three chapters.
• Chapter 2 addresses the theoretical bases lying behind photoacoustic
spectroscopy; a general explanation of molecular absorption principles
will be presented, followed by a detailed description of the photoacoustic
effect; an overview of the different existing acoustic configurations, with
a major accent on Helmholtz resonators, will conclude the chapter.
• Chapter 3 is dedicated to the first developed PA sensor. Details about
motivations, design and characterisation of the cell will be provided.
Several implemented improvements are illustrated as well. Photoacous-
tic measurements performed on methane (CH4) and ammonia (NH3)
will then be presented, followed by a discussion on the performances of
the sensor.
• Chapter 4, in turn, will concern the differential PA sensor, according
to a similar structure. The peculiar requirements of a differential mea-
4 Chapter 1. Introduction
surement will be addressed by proposing a different detection scheme,
tested on methane and oxygen (O2), and the resulting performances will
be discussed at the end of the chapter.
Finally, an appendix is included to illustrate some theoretical calculations
concerning the generation and the detection of the differential photoacoustic
signal.
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Chapter 2
Photoacoustic spectroscopy
The second chapter of this thesis is dedicated to the theory, the physical
processes, and the engineering modeling which lie behind photoacoustic spec-
troscopy.
After a brief historical introduction of the photoacoustic effect, the prin-
ciples of molecular absorption and the properties of the absorption lines will
be addressed.
Subsequently, a detailed description of the photoacoustic effect will be
presented in two steps, concerning the heat production and the generation of
the acoustic wave.
Finally, a general theory of acoustic resonator is provided, illustrating
into details the peculiar case of the Helmholtz resonator configuration, imple-
mented in the two sensors described within this work.
2.1 Introduction
The photoacoustic effect was discovered, back in 1880, by the Scottish scien-
tist Alexander Graham Bell [1], first in solids and then in gases and liquids.
While carrying out experiments on hearing devices, he noticed that a peri-
odically interrupted light beam interacting with a solid body produced an
audible sound. Yet, the unavailability of efficient light sources and of sound
amplifying and detecting devices (Bell used respectively chopped sun light and
conventional hearing tubes) had soon damped the initial excitement about the
new discovery. As a result, nearly no further experiments on the topic were
performed for half a century.
By the end of the 30s, the photoacoustic effect gained a new interest in
spectroscopic applications, thanks to the pioneering work of Viengerov [2],
who implemented blackbody infrared sources (such as Nernst glowers) and
a microphone to perform spectroscopic gas analyses; approximately 40 years
later, the use of the newly developed lasers as light sources [3], delivering
high-power, monochromatic and collimated beams, initiated of a new era for
gas photoacoustic spectroscopy.
A great variety of laser sources, resonating cell arrangements and detection
schemes have been investigated since, making photoacoustic spectroscopy a
very common and efficient technique to perform extremely sensitive gas mea-
surements, with detection limits reaching values below the ppb level.
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2.2 Molecular absorption
Optical spectroscopic techniques are based on the interaction between light
radiation and molecules of the investigated substance; this interaction gives
rise to three different physical phenomena which can be exploited to perform
gas detection: Raman scattering, fluorescence emission, and absorption pro-
cesses. Each process features a characteristic cross section, expressing the
likelihood for the process to take place.
Raman scattering induces a frequency shift in the incident light, due to
its interaction with the illuminated molecules; this shift is different for each
probed substance, resulting in the possibility to simultaneously detect several
species while working at only one wavelength; on the other hand, the scattering
cross sections are significantly small, so that the resulting sensitivity is poor
compared to other spectroscopic techniques.
Fluorescence consists in the emission of higher wavelength radiations when
the investigated substance is irradiated, due to the subsequent deactivation
processes of the excited molecules. The selectivity is given by the different
emitted wavelengths, directly depending on the typical probed substance, but
the cross sections are very small, in the same order of magnitude as for Raman
scattering, resulting, like in the previous case, in a poor efficiency.
Absorption processes are sensibly more important compared to both Ra-
man scattering and fluorescence on account of their cross section ranging from
10−22 to 10−20 cm2/mol, typically six to eight orders of magnitude larger than
the two other cases [4]. Therefore, molecular absorption is usually regarded
as the most efficient process to perform optical spectroscopy.
When a given molecule interacts with a light radiation of frequency νnm,
it may absorb the photons energy, moving from an initial energy state En to
a higher energy state Em according to the following relation:
ν˜nm =
νnm
c
=
Em − En
hc
[cm−1] (2.1)
where ν˜nm is the frequency expressed in wavenumbers, or inverse centimetres
1
(cm−1), as widely used in the literature on spectroscopy, h is the Planck
constant (6.62 · 10−34 J·s) and c the speed of light in vacuum (∼ 3 · 108 m/s).
According to laws of quantum mechanics, there is a discrete number of
allowed energy levels for a given molecule; hence, a light wave is absorbed by
the irradiated molecule only when its frequency corresponds to the difference
between two energy levels of the molecule, giving rise to an absorption line
at the related wavelength. The whole set of absorption lines constitutes the
absorption spectrum of the molecule. Except in some particular cases, the
spectrum of a molecule is not continuous and the absorption lines are gath-
ered in bands, usually indicated with the frequency of the transition (e.g. ν˜1,
ν˜2 + ν˜3, 2ν˜4, etc.).
Energy E of a molecule is the result of contributions from both nuclei
and electrons. Using the Born-Oppenheimer approximation, which consists in
considering that movements of electrons and of nuclei are dissociated [5], the
total energy can simply be written as the sum of an electronic energy Ee and
a nuclear energy EN ; in a similar way, nuclear energy can be approximated by
1Equation (2.1) provides a frequency in m−1, hence a further division by 100 is needed
to obtain the desired value in cm−1.
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the sum of contributions from respective vibrational movements between the
different nuclei (Ev) and from global rotational movements of the molecule
(Er), so that the following expression can be established:
E = Ee + Ev + Er [J] (2.2)
Magnitudes of the three contributions are sensibly different. Electronic
energy is generally much larger compared to the vibrational and rotational
energies, hence the transitions between two electronic energy levels are ex-
cited by high frequency radiations, corresponding to wavelengths in the UV
or visible range. On the other side, transitions between vibrational or rota-
tional energy levels are excited by longer wavelengths, located, in most cases,
along the whole IR range, or even in the microwave range for pure rotational
transitions.
The intensity of the interaction between light and molecules is directly
related to the electrical dipolar momentum D, which can also be expressed as
the sum of a nuclear (DN ) and an electronic (De) contributions, the former
being much larger than the latter. Nonetheless, when a molecule is consti-
tuted by two identical atoms (homonuclear molecule, e.g. O2), the nuclear
contribution to electrical dipole momentum is equal to zero, so that vibra-
tional and rotational transitions are forbidden. In this case, only electronic
transitions due to the magnetic dipole are active, resulting in a much weaker
absorption [6].
2.2.1 Intensity of absorption lines
Absorption lines are characterised by their absorption cross section σ(ν˜),
which express the likelihood of a molecule to absorb a radiation; σ(ν˜) is given
by the product of the linestrength S times a normalised function g(ν˜), repre-
senting the line shape, which will be discussed in detail in the next subsection:
σ(ν˜) = Sg(ν˜) [cm2/mol] (2.3)
The cross section is directly linked to the absorption coefficient α(ν˜) through
the density N of the absorbing gas:
α(ν˜) = Nσ(ν˜) [cm−1] (2.4)
and the absorption coefficient allows to calculate the absorbed light intensity
Ia(ν˜) in a path of length lpath when the intensity of the incident light is I0,
using the Beer-Lambert law:
Ia(ν˜) = I0
(
1− e−α(ν˜)lpath
)
[W/cm2] (2.5)
Equations (2.3) to (2.5) show that the absorbance α(ν˜)lpath of a gas at a
given wavelength is directly proportional to the linestrength S of the corre-
sponding transition. The linestrength, in turn, is determined by taking into
account the difference of population (Nn - Nm) between levels En and Em,
and the Einstein coefficient for absorption Bnm, which gives the probability
of a transition between these two levels:
S =
1
N
hν˜nm
c
Bnm(Nn −Nm) [cm2·cm−1/mol] (2.6)
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The Einstein coefficient is proportional to the matrix element Rnm of the
electrical dipolar momentum D:
Bnm =
8π3
3h2c
|Rnm|2 [cm2/(J·s)] (2.7)
On the other side, the difference between populations of the two levels is
given by the Boltzmann distribution:
Nn −Nm = Nn
[
1− exp
(
−hcν˜nm
kT
)]
[1/cm3] (2.8)
where k is the Boltzmann constant (1.38·10−23 J/K) and T the absolute tem-
perature. The population of the lower state Nn is:
Nn =
Ngn
Qint
exp
(
−En
kT
)
[1/cm3] (2.9)
with gn being the degeneracy of the lower state and Qint the total internal
partition function, i.e. the sum of all the internal energy states, weighted by
their degeneracy, defined as:
Qint =
∑
n
gn exp
(
−En
kT
)
[-] (2.10)
Merging (2.8) and (2.10) into (2.6), the expression of linestrength S as a
function of the temperature T is obtained:
S(T ) =
hν˜nm
c
Bnm
gn
Qint(T )
exp
(
−En
kT
)
×
[
1− exp
(
−hcν˜nm
kT
)]
[cm2·cm−1/mol] (2.11)
Linestrength values at a reference temperature of 296 K can be found in
databases such as HITRAN (HIgh-resolution TRANsmission molecular ab-
sorption database) [7]; values at different temperature can be calculated using
eq. (2.11), as long as partition function Qint(T ) is known.
As an example, Table 2.1 reports intensity and frequency of some absorp-
tion lines shown by different molecules addressed in the frame of this work.
2.2.2 Shape and width of absorption lines
Although for historical reasons absorption features are commonly referred to
as lines, they actually show a well determined shape, described by a normalised
function g(ν˜), which has been introduced in the previous subsection:
∞∫
0
g (ν˜) dν˜ = 1 [-] (2.12)
The lineshape broadening, generally expressed by its half width at half
maximum value (HWHM), is indicated as ∆ν˜, and results from the contribu-
tion of three main processes: natural line broadening, Doppler broadening and
collisional broadening. The nature of these processes, as long as their respec-
tive significance, contributes to determine the effective profile of a particular
absorption line.
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Type of
transition
ν˜
[cm−1]
λ
[nm]
S
[cm2·cm−1/mol]
CH4 V-R 4216.473 2371.6 4.15·10
−21
NH3 V-R 4522.388 2221.2 5.27·10
−21
CH4 V-R 6057.098 1651.0 1.28·10
−21
O2 El 13142.58 760.9 8.83 ·10
−24
Table 2.1: Intensity and frequency of some absorption lines investigated in the frame
of this work. V-R stands for vibrational-rotational transition, El for electronic tran-
sition. ν˜ is the frequency in cm−1, λ the corresponding wavelength and S the
linestrength. Oxygen line, due to a magnetic dipole transition, is more than 2 orders
of magnitude lower than the other reported values.
2.2.2.1 Natural line broadening
Natural line broadening ∆ν˜nat is coupled to the broadening ∆E of the excited
energy level Em, due to the Heisenberg uncertainty principle:
τsp ·∆E = τsp · hc∆ν˜nat ≥ h¯ [J·s] (2.13)
where h¯ is the reduced Planck constant (equal to h/2π) and τsp is the char-
acteristic lifetime of the energy state Em, corresponding to the time needed
for the population Nm of this state to decay to 1/e of its initial value. This
lifetime is directly related to the Einstein coefficient for spontaneous emission
Anm:
τsp =
1
Anm
[s] (2.14)
Einstein coefficients for absorption and for spontaneous emissions are cou-
pled according to the following equation:
Anm = 8πhcν˜
3
nmBnm =
64π4ν˜3nm
3h
|Rnm|2 [s−1] (2.15)
so that the final expression for natural line broadening is obtained by merging
equations (2.13) to (2.15) together:
∆ν˜nat ≥ 32π
3ν˜3nm
3hc
|Rnm|2 [cm−1] (2.16)
The dependence of ∆ν˜nat on ν˜
3
nm results in a low (∼ 10−7 cm−1, few kilo-
hertz) or even extremely low (∼ 10−14 cm−1, i.e. 10−4 Hz) broadening when
vibrational or rotational transitions are respectively considered, hence this
process is usually negligible with respect to Doppler and collisional broaden-
ings. In the case of an electronic transition, natural line broadening raises up
to values in the order of magnitude of 10−3 cm−1 (approximately 30 MHz),
thus becoming closer to the other processes, though at atmospheric pressure
it can still be neglected in the majority of cases.
Natural line broadening is a homogeneous process, as it affects all the
molecules in the same way, and the resulting lineshape can be described by a
lorentzian profile.
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Figure 2.1: Doppler width (HWHM) for CH4 at 6057.098 cm
−1 (1651.0 nm, solid
line), for NH3 at 4522.388 cm
−1 (2211.2 nm, dashed line) and O2 at 13142.58 cm
−1
(760.9 nm, dotted line) as a function of temperature.
2.2.2.2 Doppler broadening
The exact frequency of a molecular transition is influenced by the actual ve-
locity v of the molecule with respect to the light beam direction. This relative
velocity produces a shift (called Doppler shift) in the transition frequency ν˜,
according to the following equation:
ν˜ = ν˜0
(
1± v
c
)
[cm−1] (2.17)
given that ν˜0 is the transition frequency in a stationary molecule.
Unlike in the case of natural line broadening, the Doppler effect does not
concern all the molecules in the same way, as each molecule produces its own
shift according to its velocity, thus giving rise to an inhomogeneous process.
The resulting lineshape can be described by a Gaussian distribution, and the
related characteristic broadening ∆ν˜D is given by the following relation:
∆ν˜D =
ν˜0
c
√
2RT ln 2
M
[cm−1] (2.18)
where R is the perfect gas constant (8.3144 J·mol−1K−1), T the gas temper-
ature, and M the molar mass.
Equation (2.18) shows that Doppler broadening depends on the transition
frequency, though to a less significant extent with respect to natural broad-
ening, and on the molar mass of the molecule. Fig. 2.1 depicts the calculated
dependence of this broadening on temperature in the case of some molecules
addressed within this work: CH4 (at 1651.0 nm), NH3 (at 2211.2 nm) and
O2 (at 760.9 nm). For a typical molar mass of 20 g/mol, values for ∆ν˜D
at ambient temperature range approximately from 0.005 cm−1 (150 MHz) at
2 µm to 0.02 cm−1 (600 MHz) at 760 nm. Hence, despite its larger molar
mass, oxygen suffers from a wider broadening on account of the much higher
frequency of its transitions.
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2.2.2.3 Collisional broadening
Collisional broadening is produced by the energy exchanges which take place
between the different molecules when they collide; it is sometimes also referred
to as pressure broadening, as the probability of collisions increases with higher
pressure, and it is related to the mean time between collisions τcoll, according
to the Heisenberg principle (see eq. (2.13)):
∆ν˜coll =
1
2πτcoll
[cm−1] (2.19)
Unlike the other broadening processes, collisional broadening is totally in-
dependent from transition frequency. The collision process is homogeneous,
and the resulting broadening can be described by a lorentzian lineshape whose
characteristic width ∆ν˜L depends linearly on pressure; a less significant influ-
ence of the temperature is observed as well:
∆ν˜L = gp
(
T0
T
)nT
[cm−1] (2.20)
where p is the pressure, T0 is usually fixed at 296 K, nT is a temperature
coefficient usually ranging between 0.5 and 0.8 [7], and g is a broadening
coefficient depending on the nature of the surrounding molecules in the specific
gas compound. Databases usually provide two coefficients, one for collisions
with other molecules of the same species (coefficient of self-broadening, gself )
and one for collisions with air molecules (coefficient of air-broadening, gair).
The resulting broadening depends on the partial pressure pself of the excited
substance in the mixture:
∆ν˜L = [gselfpself + gair (p− pself )]
(
T0
T
)nT
[cm−1] (2.21)
Collisional broadening at ambient pressure and temperature is usually in
the range of 0.1 cm−1 (2-3 GHz), thus approximately one order of magnitude
higher than Doppler broadening; nonetheless, it can be easily and efficiently
reduced by decreasing the operating pressure. Pressure decrease induces a
second advantage in terms of cross section: as the product between the cross
section peak value σpeak and ∆ν˜L is fixed in the case of a lorentzian profile, a
narrower broadening results in a larger cross section peak value, and eventually
in a stronger absorbance:
σpeak =
S
π∆ν˜L
[cm2/mol] (2.22)
Pressure dependence of a typical collisional broadening is illustrated in
Fig. 2.2 for a methane absorption line, in the case of a pure methane com-
pound and of 5000 ppm of methane in air. The divergence between the two
curves has its origin in the difference between the broadening coefficients gself
and gair.
2.2.2.4 Voigt profile
As it results from the previous section, collisional broadening at atmospheric
pressure and room temperature is larger enough with respect to the other
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Figure 2.2: Collision broadening (HWHM) for CH4 at 4216.473 cm
−1 (2371.6 nm) as
a function of pressure, in the case of a pure methane compound (solid line) and of
5000 ppm of methane in air (dashed line).
processes to make them negligible, so that the absorption lineshape can be
efficiently approximated by a lorentzian profile, especially in the case of low
frequency transitions. Nevertheless, in order to take into account the effect
of Doppler shift, it is common to describe the lineshape by a Voigt profile.
The Voigt profile (gV ) results from a convolution between lorentzian (gL) and
gaussian (gD) distributions, representing respectively the collisional and the
Doppler broadening:
gV (ν˜) =
∞∫
0
gL
(
ν˜ ′
)
gD
(
ν˜ − ν˜ ′) dν˜ ′ [1/cm−1] (2.23)
The resulting HWHM width ∆ν˜V is related to Doppler and collisional
broadenings through the following approximation, proposed in [8] and showing
an accuracy of ± 0.02%:
∆ν˜V ≈ 0.5346∆ν˜L +
√
0.2166∆ν˜2L + ∆ν˜
2
D [cm
−1] (2.24)
Fig. 2.3 illustrates the Doppler, collisional and Voigt broadenings of the
760.9 nm oxygen transition, calculated for a pure oxygen compound, at a
temperature of 296 K and as a function of pressure. The influence of Doppler
broadening is clearly visible and becomes more important at lower pressures.
At p = 1 atm, the difference between Voigt and collisional broadenings is
approximately 4.1·10−3 cm−1 (∼ 120 MHz), resulting in a relative error of
8.3% if the Doppler broadening is neglected.
2.3 Photoacoustic signal generation
Once an absorbing molecule is excited by a light wave to an energy level
Em, it eventually falls down to its initial energy En through several processes,
including radiation (stimulated or spontaneous emission of a photon), chemical
reactions, and non-radiative deactivation, which consists in an energy transfer
towards surrounding molecules through collisions [9]. When the latter process
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is considered, the resulting increase in the kinetic energy of the molecules
causes a local heating, and subsequently a thermal expansion in the medium.
If the intensity of light radiation is modulated at a given frequency, the induced
periodical thermal expansion gives rise to a sound wave of the same frequency.
This process takes the name of photoacoustic effect.
Photoacoustic spectroscopy exploits the property that the intensity of the
generated wave, under certain conditions, is directly proportional to the num-
ber of excited molecules; hence the concentration of the probed substance can
be derived from the measurement of the induced pressure variation through a
sensitive microphone.
Description of the photoacoustic effect can be divided in a two-steps pro-
cess; first step consists in determining the local heating induced by the ab-
sorbed light radiation, second step concerns the sound wave generation due to
the medium thermal expansion. The two steps are detailed in the following
sections.
2.3.1 Heat production
Heat production due to light absorption in a molecule can be described by the
analysis of the respective populations Nm and N −Nm of the excited and the
ground energy levels Em and En [10]. Rate equation for the excited level can
be expressed as follows:
dNm
dt
= (N −Nm)σφ−Nm
(
σφ+
1
τm
)
[1/(s·cm3)] (2.25)
where σ is the absorption cross section of the transition, φ the incident photon
flux and τm the global lifetime of the excited state, depending on combined
contributions from radiative and non-radiative deactivation processes:
τm =
1
τ−1mr + τ
−1
mnr
[s] (2.26)
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In typical atmospheric conditions, the radiative lifetime τmr is much longer
than the non-radiative contribution τmnr (typically between 10
−1 and 10−3 s,
and between 10−6 and 10−9 s [11]), so that τm can simply be approximated
by its non-radiative component2.
The incident excitation rate σφ is usually small enough to consider thatNm
is negligible with respect to N ; hence the rate equation can be approximated
by the following expression:
dNm
dt
= Nσφ−Nm 1
τm
[1/(s·cm3)] (2.27)
Incident photon flux φ in the case of a sine-modulated laser beam can be
expressed as:
φ = φ0
(
1 + ejωt
)
[1/(s·cm2)] (2.28)
the two terms within brackets corresponding respectively to the average value
and to the modulated component of the light radiation, whereas ω is the
modulation angular frequency.
When considering the time-dependent term of the photon flux, which is the
only concerned component within the photoacoustic signal generation process,
the solution of equation (2.27) is:
Nm =
Nφ0στm√
1 + (ωτm)
2
ej(ωt−ϕ) [1/cm3] (2.29)
where ϕ = arctan(ωτm) is the phase shift between Nm and φ.
The resulting heat production rate H is related to the population of the
excited state, to the energy gap of the transition and to the non-radiative
component of the level lifetime:
H = Nm
hc∆ν˜
τmnr
[J/(s·cm3)] (2.30)
As in the two-levels used model the lower state corresponds to the ground
energy level of the molecule, the quantity ∆ν˜ is assumed to be equivalent
to the laser frequency ν˜las. Therefore, taking into account the previously
introduced approximation τm ≈ τmnr, the heat production rate becomes:
H = Nm
hcν˜las
τm
[J/(s·cm3)] (2.31)
Time dependence of the heat production rate is obtained combining eq.
(2.29) and (2.31):
H = H0 e
j(ωt−ϕ) [J/(s·cm3)] (2.32)
where
H0 =
NσI0√
1 + (ωτm)
2
[J/(s·cm3)] (2.33)
2This approximation is only valid in the case of vibrational and rotational transitions,
whereas in the case of electronic transitions radiative component cannot be neglected.
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and
I0 = φ0hcν˜las [W/cm
2] (2.34)
I0 being the intensity of the incident beam.
A further simplification is brought in when the product ωτm is much
smaller than 1, which is generally the case when the modulation frequency
f = ω/(2π) is in the kilohertz range. Denominator of eq. (2.33) can then
be neglected, and magnitude of the heat production rate is simply reduced as
follows:
H0 = NσI0 = αI0 = α0I0Cgas [J/(s·cm3)] (2.35)
where α0 is a normalised absorption coefficient calculated for a gas concentra-
tion of 1000 ppm and an interaction path of 10 m, while Cgas is the effective
gas concentration, so that3:
α = α0Cgas [cm
−1] (2.36)
In these conditions, medium heating is perfectly linear with probed gas
concentration (as long as σφ is small), as well as being in phase with optical
modulated intensity, since ϕ tends to 0◦.
2.3.1.1 Relaxation effects
In some particular cases, the relaxation lifetime τm is not short enough to
fulfill the condition ωτm ≪ 1. The molecular deactivation process is then too
slow to be completed within one modulation period of the laser, resulting in
a less efficient medium heating (see eq. (2.33)).
The first and more obvious consequence of this phenomenon is that inten-
sity of the generated photoacoustic signal is sensibly weakened, as it linearly
depends on the produced heat; a phase lag between PA signal and laser mod-
ulation is furthermore obtained [4].
A second, indirect effect of a slow relaxation process can manifest as a
parabolic dependence of the photoacoustic signal on the probed gas concen-
tration [12]. This is due to the fact that the efficiency of molecular relaxation
does not depend only on the nature of the measured substance Mj , but also on
the different components Mk of the buffer gas mixture. In fact, non-radiative
relaxation is achieved through collisions with all the surrounding molecules,
and the resulting relaxation lifetime is a combination of the characteristic
lifetimes corresponding to collisions with each specific molecule:
τ−1mnr =
n∑
k=1
Ckτ
−1
Mj−Mk
[s−1] (2.37)
where τ−1Mj−Mk is the relaxation rate (the inverse of the relaxation lifetime) of
molecule Mj through collisions with molecule Mk, and Ck is the concentration
of Mk.
3The normalized absorption coefficient is not calculated for a gas concentration of 100%
and an interaction path of 1 cm because the concentration of the probed gas directly in-
fluences the collisional line broadening, and hence the cross section peak value, so that
eq. (2.36) would provide an unprecise absorption coefficient for low gas concentrations.
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Figure 2.4: Simulation of PA intensity loss for oxygen sensing in dry (solid line) and
humid (dashed line) air. Relaxation lifetime is shortened by a factor of 104.
Eq. (2.37) can be written as the sum of the contribution from collisions
with the probed gas itself and of all other contributions:
τ−1mnr = Cjτ
−1
Mj−Mj
+ τ−1oth [s
−1] (2.38)
In the case of a very slow relaxation lifetime, one can assume that ωτmnr ≫
1, so that eq. (2.33) becomes:
H0 =
NσI0
ω
τ−1mnr [J/(s·cm3)] (2.39)
and successively, by introducing eq. (2.38) and by considering Cj = N/Ntot:
H0 =
NtotσI0
ω
Cj
(
Cjτ
−1
Mj−Mj
+ τ−1oth
)
[J/(s·cm3)] (2.40)
where the dependence of the PA signal on the gas concentration appears as
the sum of a linear and a quadratic term.
One way to reduce the significance of the described negative effects is to
add to the investigated gas compound a small percentage of some specific
molecules showing the property of catalysing the relaxation processes. Water
vapour, for instance, proves to hasten up deactivation of many species [4].
As an example, Fig. 2.4 depicts the calculated relative loss of photoa-
coustic intensity for oxygen sensing in dry (78% of nitrogen, 21% of oxygen)
and humid (same compound, plus 1.15% of water vapour, corresponding to
a typical relative humidity of 50% at ambient temperature) air as a function
of frequency, according to the relaxation rates values given in [13]. The small
percentage of water vapour reduces the relaxation lifetime of oxygen by a fac-
tor of 104. This results in a shifted appearance of PA signal intensity loss from
an unrealistic value of 0.1 Hz to a more convenient frequency of few hundreds
hertz.
2.3.2 Generation of the acoustic wave
The generation of an acoustic signal due to the periodic heating of a medium
is a complex physical process concerning several quantities, including density
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ρ, pressure p, temperature T and fluid velocity v. The governing laws are
the Navier-Stokes equation, describing the fluid motion, the thermal diffu-
sion equation, the mass-density continuity equation, and a thermodynamic
equation of state [14].
The complexity of the problem results in the concrete impossibility to
find an exact solution to it, unless some approximations are introduced. The
first approximation consists in considering that variations of the concerned
physical quantities are small with respect to their absolute values:
p(r, t) = p0 + pa(r, t) [Pa] (2.41)
T (r, t) = T0 + Ta(r, t) [K] (2.42)
ρ(r, t) = ρ0 + ρa(r, t) [kg/m
3] (2.43)
with p0, T0 and ρ0 being the steady state values and pa, Ta and ρa the small
variations of the respective quantities. This approximation allows to neglect
all cross products of the variation terms, so that a linearised Navier-Stokes
equation is obtained, linking velocity to density and pressure:
∂v
∂t
= − 1
ρ0
∇pa(r, t) +Dv∇(∇ · vl) [m/s2] (2.44)
where Dv = 4η/3ρ0 + ηb/ρ0 is a coefficient taking into account sheer (η) and
bulk (ηb) viscosity. The subscript l on velocity vl in the right term of the
equation refers to the longitudinal component of the fluid velocity, which is
the only responsible component for pressure variation, as long as boundary
conditions are not concerned.
Thermal diffusion is also related to density and pressure through the fol-
lowing equation:
KT
ρ0Cp
∇2Ta(r, t) = ∂
∂t
(
Ta(r, t)− γ − 1
γβT
κT pa(r, t)
)
−H(r, t)
ρ0Cp
[K/s] (2.45)
KT being the thermal conductivity, Cp the heat capacity at constant pressure,
γ = Cp/Cv the ratio of specific heats at constant pressure and volume, βT a
coefficient of thermal expansion, κT the isothermal compressibility and H the
heat production rate, as defined in eq. (2.31).
Equation of mass-density continuity can be expressed as:
∂ρa(r, t)
∂t
+ ρ0∇ · vl = 0 [kg/(m3s)] (2.46)
Finally, a thermodynamic equation of state interrelates density, pressure
and temperature of the medium:
ρa(r, t) =
(
∂ρ
∂P
)
T0
pa(r, t) +
(
∂ρ
∂T
)
p0
Ta(r, t) =
=
γ
c2s
(
pa(r, t)− βT
κT
Ta(r, t)
)
[kg/m3] (2.47)
where cs is the sound velocity in the medium.
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The four described relations can be combined together to finally obtain
a wave equation. The velocity vl is eliminated by merging the divergence of
eq. (2.44) into eq. (2.46):
∇2pa(r, t) = ∂
2ρa(r, t)
∂t2
−Dv∇2
(
∂ρa(r, t)
∂t
)
[Pa/m2] (2.48)
Including the thermodynamic state equation (2.47) allows to obtain a re-
lation depending only on pressure and temperature:
∇2pa(r, t) = γ
c2s
[
∂2
∂t2
−Dv∇2 ∂
∂t
]
×
(
pa(r, t)− βT
κT
Ta(r, t)
)
[Pa/m2] (2.49)
The couple of equations (2.45) and (2.49) shows two independent plane
wave solutions: a very strongly damped thermal wave with submillimetre
wavelength, and a slightly damped sound wave with a wavelength ranging from
few centimetres to few metres. The thermal wave is usually only observed in
the neighbourhood of the exciting light beam, due to the significant damping
factor; hence, its distribution is generally small with respect to cell dimensions,
leading to the possibility to neglect the second spatial derivatives of Ta(r, t).
A unique equation is then derived by the combination of the two relations:
∇2pa(r, t)− 1
c2s
∂2pa(r, t)
∂t2
+
1
c2s
Dv
∂
∂t
∇2pa(r, t) =
= −γ − 1
c2s
∂H(r, t)
∂t
[Pa/m2] (2.50)
corresponding to a damped wave equation with a source term on the right
side. The damping contribution, related to viscosity losses (third term on the
left side), makes it impossible to solve this equation analytically. Therefore, in
a first time, a solution will be found for the undamped equation, and influence
of the losses will be taken into account successively:
∇2pa(r, t)− 1
c2s
∂2pa(r, t)
∂t2
= −γ − 1
c2s
∂H(r, t)
∂t
[Pa/m2] (2.51)
2.4 Acoustic resonators
Solutions of the inhomogeneous wave equation (2.51) directly depend on the
shape and the dimensions of the measurement cell. In the most general case,
the resonances of an acoustic cell are given by the solutions of the following
homogeneous wave equation:
∇2pa(r, t)− 1
c2s
∂2pa(r, t)
∂t2
= 0 [Pa/m2] (2.52)
so that the pressure wave can be expressed as the sum of all the resonant
modes of the cell:
pa(r, t) = A0(t) +
∑
n
An(t)pn(r) [Pa] (2.53)
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where An(t) is the amplitude of the n
th mode and pn(r) its dimensionless
spatial distribution.
Taking into account the harmonic time dependence ejωt of the sound wave,
the inhomogeneous wave equation can be written as:
−ω2A0 +
∑
n
(ω2n − ω2)Anpn(r) = jω(γ − 1)H(r) [Pa/s2] (2.54)
ωn being the resonant frequency corresponding to the n
th mode.
Respective mode amplitudes An are derived assuming that each mode is
orthogonal with respect to the others, hence the spatial integral of the cross
product between any two different modes is zero:
An =
jω (γ − 1)
ω2n − ω2 + j ωωnQn
∫
Vres
H(r)pn(r)dV∫
Vres
|pn(r)|2 dV
[Pa] (2.55)
where Vres is the volume of the resonator and Qn is the quality factor of the
nth resonant mode. This latter quantity is introduced to take into account
the previously neglected acoustic losses (see § 2.3.2). The physical meaning
of the Q factor is the ratio between the energy that a resonant mode can
accumulate during one period and the energy which is lost, due to various
dissipation processes, during the same period. Loss mechanisms concretely
result in a broadening ∆ωn of the resonant mode, so that Q factor can be
defined as follows:
Qn =
ωn
∆ωn
[-] (2.56)
Mode broadening ∆ωn is measured between the points where the mode
amplitude is worth 1/
√
2 of its peak value.
According to eq. (2.35), heat production rate H can be expressed as
a function of light intensity I0, which, in turn, depends on incident optical
power P0:
H(r) = αI0(r) = αP0g(r) [J/(s·cm3)] (2.57)
where g(r) is the normalised spatial distribution of the light beam intensity.
Mode amplitude can then be written as:
An =
jω (γ − 1)αP0lpath(
ω2n − ω2 + j ωωnQn
)
Vres
1
lpath
∫
Vres
g(r)pn(r)dV
1
Vres
∫
Vres
|pn(r)|2 dV
[Pa] (2.58)
lpath being the length of effective interaction between light and gas.
The two spatial integrals on right side of this equation represent respec-
tively the overlap between the distributions of light beam and pressure mode
along the resonator, and a normalisation factor of the pressure mode. The
resulting ratio, indicated as Fn, is usually referred to as normalised overlap
integral.
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The pressure wave then becomes:
pa(r, ω) =
(γ − 1)αP0lpath
Vres
×
(
1
jω
+
∑
n
jωFnpn(r)
ω2n − ω2 + j ωωnQn
)
[Pa] (2.59)
A closer examination of eq. (2.59) reveals that an analogy can be es-
tablished between the acoustic and electrical domains, so that the induced
pressure wave is assimilated to a voltage U and the volume flow to a current
I [15]:
U(r, ω) = pa(r, ω) [Pa] (2.60)
I =
(γ − 1)
ρc2s
αP0lpath [m
3/s] (2.61)
The acoustic impedance resulting from the ratio of U(r, ω) and I, is then
derived:
Z(r, ω) =
ρc2s
Vres
(
1
jω
+
∑
n
jωFnpn(r)
ω2n − ω2 + j ωωnQn
)
[Pa·s/m3] (2.62)
The first term within brackets refers to the non-resonant operating mode
of the cell4. Generated photoacoustic signal in a non-resonant situation is
inversely proportional to volume and frequency, and it is uniformly distributed
along the cell:
pa(r, ω) = pa(ω) =
(γ − 1)αP0lpath
jωVres
[Pa] (2.63)
The resulting sound enhancement is poorer than in resonant modes, and
the sensitivity to the 1/f acoustic noise is significantly high, due to the fact
that, in order to increase the magnitude of the photoacoustic signal, typical
operating frequencies are very low (∼100 Hz [16]).
On the other side, as already mentioned, the sum term in right side of eq.
(2.62) is related to the resonant modes of the photoacoustic cell. A distinction
can be made between two types of resonators, depending on the comparison
between the dimensions of the cell and the acoustic wavelength Λ, defined as:
Λ =
2πcs
ω
[m] (2.64)
When the dimensions of the cell have the same order of magnitude than
the acoustic wavelength, each resonant mode pn(r) is linked to a an eigenmode
of the cell; in the very common case of a cylindrical cell, for example, longi-
tudinal, radial, azimuthal or hybrid resonances can be excited and used for
sound amplification. The resulting resonant modes show the presence of nodes
(points where the sound amplitude is equal to zero) and anti-nodes (points
where the sound enhancement is highest) along their geometric distribution.
4The phrase “non-resonant cell” is widely used in literature in this case, but it is ambigu-
ous and can lead to confusion, as the same cell can be used in a resonant or a non-resonant
mode according to the operating frequency.
2.4 Acoustic resonators 23
Hence, to efficiently excite a given mode, the normalised overlap integral Fn
has to be as high as possible.
When the dimensions of the cell are much smaller than the acoustic wave-
length, the sound wave is approximately the same in each point of the cell [17];
in fact, the pressure distribution along the resonator is ruled by the following
relation:
pa(r) ∝ e−jKr [Pa] (2.65)
where K = 2π/Λ is the acoustic wave number and r is the spacial propagation
vector, bounded by the cell dimensions; if these are much smaller than the
wavelength, the condition Kr ≪ 1 is obtained, and the propagation inside the
cell can be neglected. As a consequence, no eigenmode can be excited inside
the cell.
In this case, ducts and openings of the cell can be considered as lumped-
circuit impedances, and the acoustic impedance Z can be derived using these
approximations. Under certain conditions, this acoustic impedance can show
a resonance which is not linked to the geometric modes of the cell, and thus
does not require any overlap with the light beam.
Helmholtz resonators are a typical example of this kind of systems; since
they have been used to design the two photoacoustic cells developed in the
frame of this work, a detailed description of their working principles is pre-
sented in the following section.
2.4.1 Helmholtz resonators
Helmholtz resonators owe their name to the German physicist Hermann von
Helmholtz (1821 - 1894, Fig. 2.5 a), who dedicated part of his scientific ac-
tivity to physiology of music; in his 1863 work “Die Lehre der Tonempfindun-
gen als physiologische Grundlage fu¨r die Theorie der Musik”5 [18] Helmholtz
demonstrated the importance of the harmonics of a sound for its perception;
to achieve this purpose, he designed a series of spherical cavities with two
small openings (Fig. 2.5 b), resonating at different frequencies.
Quoting from [18], “these resonators are hollow spheres, with two openings.
[. . . ] One of these openings has straight edges, the other is funnel-shaped, in
order to be introduced into the ear. [. . . ] The air mass of this resonator forms
an elastic system; [. . . ] the fundamental sound of the sphere is considerably
increased. The ear, in direct communication with the air inside the sphere,
perceives immediately the increased sound. [. . . ] Each person is then able to
distinguish the considered sound among a great number of other sounds, even
if it is weakly produced.” Photoacoustic cells based on Helmholtz resonator
have been investigated since early 80s [19], and have been more recently used
with success to detect various gas species [20, 21, 22, 23].
More generally, a Helmholtz resonator is composed by a volume, whose
shape has no relevance, and an open duct leading to free space. The air inside
the volume forms an acoustic compliance, while the air inside the open duct
acts as an acoustic mass. When the dimensions of the resonator are much
smaller compared to the acoustic wavelength, an analogy with electrical cir-
cuits can be used [24], and the system corresponds to a capacitor (representing
5English edition was issued with the following title: “On the sensations of tone as a
physiological basis for the theory of music”.
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Figure 2.5: German physicist Hermann von Helmholtz (a) and an example of the
resonators he used for his experiments on physiology of music (b).
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Figure 2.6: Scheme of a 2-volumes Helmholtz resonator (a) and its analogous electrical
circuit (b). Capacitors correspond to the volumes, resistor and inductor to the duct,
current to volume flow and voltage to sound pressure.
the volume), an inductor (representing the open duct) and a resistor (repre-
senting the viscous and thermal energy losses) in series. Such a circuit shows
a resonance when the capacitive and the inductive part of the impedance
compensate reciprocally.
This kind of Helmholtz resonator cannot be used directly as a photoacous-
tic cell because it is not closed. Indeed, despite the fact that photoacoustic
detection with open cells has been demonstrated [25, 26], closed cells are gener-
ally preferred, as they provide a higher SNR, allow low pressure measurements,
and mainly avoid mixing between ambient atmosphere and investigated gas,
which can be very dangerous according to the gas compound.
To overcome this problem, a second volume can be added at the duct
outlet, resulting in a system which is slightly more complex, but shows the
advantage of being perfectly closed. Such a system can be described by the
scheme illustrated in Fig. 2.6 along with its analogous electrical circuit. The
equivalences between acoustic and electric domains are ruled by eq. (2.60)
and (2.61), and by the following expressions [24]:
Ci =
Vi
ρc2s
i = 1, 2 [m3/Pa] (2.66)
L =
ρl′
πa2
[Pa·s2/m3] (2.67)
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Rac =
ρl′ω
πa3
[√
2η
ρω
+ (γ − 1)
√
2κT
ρωCp
]
[Pa·s/m3] (2.68)
given that V1 and V2 are the volumes, l the duct length and a its radius.
The effective length l′ appearing in the inductance and resistance formulas is
equal to the actual length of the connecting duct increased by an open-end
correction factor, related to the duct radius a and to whether the duct outlet
is flanged or not; in the case of a two volumes resonator, the effective duct
length is given by [27]:
l′ = l +
16
3π
a [m] (2.69)
It is important to note that accuracy of eq. (2.67) and (2.68) is fine for a
limited frequency and duct radius range [28]; outside this range, other analytic
expressions, or numerical approximations, must be used. More generally, when
the dimensions of the resonator cannot be considered much smaller then the
acoustic wavelength, a more complex and accurate model, based on distributed
elements, have to be applied to predict the resonator behaviour [19].
The efficiency of a photoacoustic cell is usually described by the so-called
cell constant, defined as the ratio between generated sound pressure and ab-
sorbed optical power per unit length, and related to the previously introduced
acoustic impedance Z(ω):
Ccell =
p
α0P0Cgas
=
(γ − 1)
ρc2s
Z(ω)lpath [Pa·cm/W] (2.70)
The acoustic impedance of the Helmholtz resonator equivalent circuit can
be calculated using the theory of electrical circuits:
Z (ω) =
U
I
=
=
−1
ω2RacC1C2 − jω (C1 + C2 − ω2LC1C2) [Pa·s/m
3] (2.71)
Resonant angular frequency ωres in the case of a lossless circuit (R = 0)
is given by:
ωres
∣∣
Rac=0
= ω0 =
√
C1 + C2
LC1C2
[rad/s] (2.72)
while quality factor Q is defined by:
Q =
1
Rac
√
L (C1 + C2)
C1C2
= ω0
L
Rac
[-] (2.73)
Merging eq. (2.72) and (2.73) into eq. (2.71) the acoustic impedance
becomes:
Z (ω) =
1
jωLC1C2
[(
ω20 − ω2
)
+ jω0ω/Q
] [Pa·s/m3] (2.74)
Resonant angular frequency ωres is then derived:
ωres = ω0
√
1− 1
2Q2
[rad/s] (2.75)
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In the case of a high quality factor (Q > 10), condition which is easily
obtained for an accurately designed resonator, the losses impact on resonant
frequency can be neglected and ωres ≈ ω0 [20].
At this resonant frequency, the modulus of eq. (2.71) merged into eq.
(2.70) gives the following cell constant:
Ccell =
(γ − 1)
ρc2s
L
Rac (C1 + C2)
lpath [Pa·m/W] (2.76)
Finally, using eq. (2.66) to (2.69) into eq. (2.76), the cell constant as a
function of the geometric dimensions of the resonator is obtained:
Ccell =
(γ − 1)
π
1/
4c
1
/
2
s
1√
2η
ρ + (γ − 1)
√
2κT
ρCp
× a1/2
(
l +
16
3π
a
)1/4 (V1V2)1/4
(V1 + V2)
5/
4
lpath [Pa·m/W] (2.77)
Design and optimisation of the two Helmholtz resonator photoacoustic
cells has been performed using this expression (see § 3.2 and 4.2).
In order to compare the theoretical cell constants with experimental re-
sults, it can be helpful to introduce in eq. (2.77) a factor that takes into
account the influence of the microphone used for the detection, and, in case,
of the preamplifier used to enhance microphone signal:
Cmic = Gm ·Mm · Ccell [mV·m/W] (2.78)
where Gm is the preamplifier gain and Mm the microphone sensitivity, ex-
pressed in mV/Pa.
2.4.2 Other photoacoustic detectors
To conclude the chapter, an overview of other photoacoustic systems is pre-
sented.
2.4.2.1 Cylindrical cavities
Cylindrical cavities are among the most common cells used in photoacoustic
spectroscopy. This is due to their simple geometry, their intrinsic symmetry,
the easy overlap between their resonant modes and the laser beam, and their
high sensitivity and quality factor.
Spatial dependence in a cylindrical cavity, i.e. the positioning of nodes
and anti-nodes along the modes, depends on whether the cavity is closed or
open at its ends (Fig. 2.7). In particular, azimuthal and radial modes do not
change, while longitudinal modes show a node at the cavity end when this
end is open (sound pressure equal to zero), respectively an anti-node when
the end is closed (sound speed equal to zero). As photoacoustic cylindrical
cells are generally either closed at both ends, or open at both ends, only these
two cases will be considered. In both cases, resonant frequencies are derived
from eq. (2.59), using the appropriate boundary conditions [17]:
fkmn =
cs
2
√(
k
l′
)2
+
(γmn
πa
)2
[Hz] (2.79)
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Figure 2.7: Pressure distribution in cylindrical cavities: longitudinal for an open-open
(a) a closed-closed (b) and an open-closed (c) cell, radial (d) and azimuthal (e).
where l′ and a are the cavity effective length and radius, k, m, and n are
respectively the longitudinal, azimuthal and radial indices, and γmn is the n
th
extremum of first order Bessel function Jm. For instance, first longitudinal
(k = 1, m = n = 0) and radial (k = m = 0, n = 1) modes show a respective
resonant frequency of:
f100 =
cs
2l′
; f001 =
cs
2
· 3.832
πa
[Hz] (2.80)
All the three resonant modes of a cylindrical cavity can be efficiently imple-
mented to perform photoacoustic measurements, though their characteristics
and performances are sensibly different.
Cells designed to be used in radial modes [4, 29, 30, 31, 32] show very
high quality factors, up to several hundreds; a very efficient noise reduction
is obtained, especially if the laser axis is misaligned with respect of the cell,
so that inlet and outlet windows, where some photoacoustic noise is gener-
ated, coincide with mode nodes. They generally operate at high frequencies
(∼10 kHz), which is an advantage in terms of noise susceptibility, but on the
other hand they are more sensible to relaxation effects, which tend to increase
with frequency [12]. The size of a radial cell is usually not very compact (typ-
ical dimensions: 2a ∼ 5 -10 cm, l ∼ 10 - 20 cm). High power CO/CO2 lasers
are the most common light sources used in conjunction with radial resonators.
Flow measurements up to several litres per minutes are generally allowed with
no negative effect on the SNR.
Longitudinal cells [33, 34, 35, 36, 37, 38] show the most natural and ef-
ficient overlap with laser beam; they can achieve better cell constants with
respect to radial cells, despite their smaller dimensions, specially concern-
ing the diameter (∼1 cm); this makes them particularly suitable to be used
along with DFB semiconductor lasers. They generally operate in the kilo-
hertz range, therefore they need an efficient acoustic filtering, easily achieved
adding quarter-wavelength long buffer volumes at cell extremities; their main
shortcomings are represented by a lower quality factor (∼ 20 - 50), higher noise
susceptibility, and lower flow measurements (∼1 l/min).
Azimuthal modes are less commonly implemented in PAS, mainly because
of their poor quality factor (viscous losses for azimuthal resonances are very
high) and their required off-axis excitation, though several applications can
be found in literature [25, 31, 39, 40, 41, 42].
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Figure 2.8: Multipass configuration with internal (a) or external (b) mirrors. The
use of curved mirror increases the interaction length between light and gas.
2.4.2.2 Multipass resonant cells
Multipass resonant cells are based on the principle that increasing the interac-
tion length between laser beam and probed gas (lpath in eq. (2.76)) results in
a proportional increase of the photoacoustic signal. Multipass configurations
have been investigated since mid 70s [43, 44, 45], using high quality mirrors
(plane or curved) at the edges of the cells (Fig. 2.8 a). More recently, external
mirrors have been used to achieve the multipass effect (Fig. 2.8 b), either in
Herriott [46, 47, 48] or in Fabry-Perot [49] configuration. Herriott arrangement
simply consists in the augmentation of light-gas interaction path by means of
two curved external mirrors suitably aligned to obtain multiple reflections (up
to 80 passes in a 70 cm cell have been demonstrated); Fabry-Perot setup pro-
duces light amplification at the exact laser wavelength by optical resonance
inside the cavity formed by the 2 concave mirrors, with a resulting optical
gain reaching values as high as 100, according to the cavity finesse. Both
Herriott and Fabry-Perot configuration are generally coupled with cylindrical
cells, whose resonances are efficiently excited by the multiple passes of the
laser beam; moreover, compared to internal mirrors configurations, they show
the advantage of dramatically reducing wall noise, as the photoacoustic noise
produced by light absorption in the mirrors is not coupled inside the cell.
Multipass cells’ main shortcoming is their intrinsic setup complexity; me-
chanical stability of the mirrors is a parameter of utmost importance, and
has to be carefully controlled; in addition, in Fabry-Perot configuration a
piezo-electric based regulation system is required in order to lock the cavity
length to the laser wavelength, which implies a regulation sensitivity in the
µm range (the distance between the mirrors has to be a semi-integer multiple
of the wavelength).
2.4.2.3 Intracavity resonant cells
Intracavity resonant cells (Fig. 2.9) are very similar in their principle to
multipass cells, the concrete difference being the use of an external cavity laser
instead of a standard laser diode. Photoacoustic cell (usually a longitudinal
cylindrical resonator) is then placed inside the external cavity, thus taking
benefit of a very high optical power.
Different external cavity lasers have been utilised to perform intracavity
photoacoustic detection, such as CO2 [50, 51] or semiconductor sources [42].
Intracavity resonant cells can provide high sensitivity, but as in the case
of multipass cells, the main drawback is their complexity and their required
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resonator
Laser external cavity
Grating Mirror
Figure 2.9: Intracavity configuration using an external cavity laser. A very high
power is coupled into the acoustic resonator thanks to the multiple reflections of the
laser beam.
Laser
Quartz tuning fork
Figure 2.10: Quartz-enhanced configuration. The tuning fork substitutes both the
resonator and the microphone of a conventional photoacoustic setup.
extremely precise alignment and stabilisation.
2.4.2.4 Quartz-enhanced resonant cells
A very peculiar recently developed detection technique, denominated quartz-
enhanced photoacoustic spectroscopy (QEPAS), consists in the use of a con-
ventional clock quartz tuning fork (Fig. 2.10) in the double role of acoustic
resonator and sound detection element [52].
Photoacoustic signal generated in the area between the prongs of the tun-
ing fork is first amplified by the very high quality factor (Q > 10000) fork
resonance and then transformed into an electrical signal through the piezo-
electric transducer formed by the fork itself. Such a system shows several
advantages: beside the very high quality factor, a very low ambient noise sus-
ceptibility is obtained, because of the high fork resonance frequency (32.8 kHz)
and because sound generated far from the fork does not excite its resonant
mode; the system is very small and compact, a cell is only needed to sepa-
rate investigated gas compound from ambient atmosphere, but there are no
restrictions concerning its volume and shape. Further enhancement of the
photoacoustic signal can be achieved adding longitudinal resonators on both
sides of the fork [53]. On the other hand, main drawbacks consist in a very
short interaction path length between light and gas (approximately equivalent
to the tuning fork thickness), and in the relaxation effects which can arise due
to the very high operation frequency [12], both resulting in a loss of sensi-
tivity. For this reason, to increase sensitivity, quartz-enhanced photoacoustic
systems generally operate at very low pressure (∼50 torr) [54, 55].
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Chapter 3
Helmholtz photoacoustic
sensor
This chapter will address the design, the characterisation and the description
of the performances of the first Helmholtz-based photoacoustic cell used in
the frame of this work.
A general motivation of the target application, along with all the criteria
which set the guidelines for the cell design, and the description of the design
itself are provided at first.
Subsequently, a characterisation of the acoustic and photoacoustic be-
haviour of the cell is presented, including the different possible improvements
to the setup.
Finally, trace gas sensing using the developed cell is described; results
for methane, used for preliminary tests and sensor troubleshooting, are pre-
sented first, followed by details on ammonia detection and on the ultimate
performances achieved with this photoacoustic setup.
3.1 Introduction
The spectral region between 2 and 2.7 µm is particularly attractive for spec-
troscopic measurements. Many species of environmental interest (CH4, NH3,
CO, etc.) present stronger absorption lines in this window compared to the
NIR region (Table 3.1); furthermore, some molecules, like hydrofluoric acid
(HF), show their fundamental absorption lines in the region. Absorption by
water vapour and carbon dioxide is weak, which makes this window very at-
tractive for atmospheric and industrial applications. Finally, as it operates
without photodetectors, PAS is particularly suitable to be performed in the
whole MIR region, since at higher wavelengths photodetectors become costly
and show poor performances.
The recent development of room-temperature antimonide-based semicon-
ductor lasers emitting in this spectral window, operating in continous wave
(CW) mode, and supplied with a DFB structure (which guarantees a good
spectral purity and a tuneability over several nm [1]), has made spectroscopic
measurements in this region more efficient and convenient.
The photoacoustic cell described in this chapter has been opportunely
conceived to suit the properties of these newly developed lasers, with the
purpose to perform ammonia detection at ppm level.
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Molecule Absorption coefficient [cm−1] Improvement
NIR region 2 - 2.7 µm region
CH4 0.62 (@ 1.65 µm) 0.93 (@ 2.35 µm) 1.5
NH3 0.27 (@ 1.53 µm) 0.92 (@ 2.24 µm) 3.4
HF 7.64 (@ 1.27 µm) 251.7 (@ 2.45 µm) 33
CO 3.01·10−3 (@ 1.57 µm) 0.47 (@ 2.33 µm) 156
Table 3.1: Comparison between absorption coefficients at ambient temperature
(T = 296 K) and pressure (p = 1 atm) between NIR region and 2 - 2.7 µm region for
CH4, NH3, HF and CO, along with corresponding wavelengths.
3.2 Desing of the photoacoustic cell
3.2.1 Motivation and criteria for cell design
The design of the PA cell depends on many parameters, mainly determined by
the requirements of the application. In this case, the guidelines for the design
of the cell have been fixed by the characteristics of the laser diodes to be
used, along with the properties of ammonia. The requirement of a compact,
small-sized, portable instrument has played an important role on the sensor
development as well.
The main peculiarity of the selected laser sources is their highly elliptical
divergent beam. The typical spatial distribution of the laser emission was
measured using a small surface photodetector mounted on a motorised trans-
lation stage directly in front of the laser, i.e. with no collecting optics. The
detected power was measured in both directions as a function of the detector
position, which gave the horizontal and vertical profiles of the laser beam. The
measured profiles were then fitted in order to determine the beam waist in
both directions (half width at 1/e2). The divergence angles of the laser emis-
sion were determined by measuring the beam waists at different distances
from the laser. Divergences of 22◦ horizontally and 46◦ vertically (half angle
at 1/e2) were obtained (see Fig. 3.1).
To efficiently exploit this divergence, the decision was taken to use the
laser beam directly as emitted by the diodes, with no collimating optics, and
with as few bulk optic elements as possible, in order to benefit from all the
optical power without losses that standard glass elements could induce at this
wavelength.
θhor = 22 [deg]
θvert = 46 [deg]
Data
Gauss fit
Data
Gauss fit
Figure 3.1: Measured divergence of the laser beam. Black dots represent the measured
profile, grey lines the gaussian fit.
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A Helmholtz resonator configuration suits such a non-collimated beam
much better than a cylindrical cavity; in fact, on one side the overlap between
any resonant mode in a cylindrical cell and a non-collimated beam would be
poor, and on the other, as the Helmholtz resonance is equally excited in each
point of the cell, photoacoustic signal generation by a non-collimated beam
would be highly efficient. Moreover, the signal generation can be enhanced by
implementing multiple beam reflections inside the photoacoustic cell, in order
to increase the interaction path between light and gas.
Choice of the resonator dimensions must aim at the optimisation of the cell
constant, given in eq. (2.77); this expression shows no local maximum with
respect to any of the dimensions, so that the resonator should ideally consist
of very small volumes and a very large and long duct, which is not realistic.
Hence, design and optimisation have to take into account some physical and
technical constraints, including:
• Absolute limitations on the cell dimensions in order to respect the con-
dition Kr ≪ 1 (see § 2.4)
• Mutual limitations between duct and volumes dimensions (duct surface
and volume have to be much smaller compared to the two volumes, in
order to ensure the resonant behaviour)
• Technical constraints, including available space for positioning of the gas
inlet/outlet, the detecting microphone, a window to let the laser enter
the cell, etc.
• Overall compact and reduced dimensions.
The resonant frequency, also determined by the cell dimensions, has to be
kept in a range going from approximately 1 to 15 kHz. In fact, at frequencies
below 1 kHz influence of the acoustic 1/f noise becomes very considerable,
while 15 kHz is the typical upper limit of a microphone detection bandwidth.
Additional constraints on the shape of the cell are given by the laser beam
profile: the window must permit the laser beam to completely enter the cell
despite its divergence, given that the diode is positioned at a certain distance
from it; moreover, a relatively long path between reflections inside the cell has
to be guaranteed, as each succeeding reflected beam will have a lower power
and generate a weaker signal.
For this last reason, the volume dedicated to generation of the photoa-
coustic signal (to be called excitation volume from now on), will contain as
few external elements as possible, in order to maximise the available surface
for laser beam reflection; hence, the microphone will be located in the other
volume (detection volume); also, the choice of the material and of the sur-
face quality is very important, as the number of useful reflections has to be
maximised in order to increase the interaction path between light and gas.
Finally, choice of the material is also influenced by the nature of the inves-
tigated gas; for instance, ammonia is a strongly polar molecule, which tends
to stick on the cell walls, resulting in an important reduction of the cell re-
sponse time [2]; this effect can be minimised by a judicious choice of the cell
material, or, more often, by a suitable coating on the cell walls [3]. For this
reason, stainless steel has been selected as primary cell material, while the use
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Laser beam Cell volume
Window
Figure 3.2: Scheme of the laser injection in the cell volume. The divergent beam
enters from the side of the cylinder, so that the beam path between the walls is
increased.
of a second cell made of aluminium and coated with a thin gold layer will be
detailed in § 3.4.4.2.
3.2.2 Design of the photoacoustic cell
Helmholtz-based photoacoustic detectors reported in literature are generally
composed of long cylindrical volumes connected by a thin tube [4, 5], the
photoacoustic signal being generated inside one of the two volumes; this choice
is motivated by the use of a collimated laser beam, which interacts with the
gas along the whole cylinder length.
In this work, due to the high elliptical divergence of the source, a different
concept has been implemented: the excitation volume has a cylindrical shape
(of radius r1 and height h1), but the laser beam is injected from the side,
through a thin glass window, so that the major axis of the elliptical beam
profile is in the same geometrical plane than the cylinder section (Fig. 3.2).
This configuration maximises the beam path between reflections according
to its divergent profile, increases the number of beam reflections thanks to the
different incidence angles on the curved surface, and reduces the number of
bulk optics element, as a single window is used and no lenses are needed.
Expected theoretical dependence of the cell constant on the geometrical
dimensions of the cell, given in (2.77), has been calculated using mathemat-
ical simulations. Interaction length lpath has been estimated by calculating
the optical power distribution as a function of the divergence angle, and by
predicting the number of reflections for a certain number of angles, with steps
of 5◦, considering an average reflection coefficient for stainless steel of 80%.
A value corresponding to approximately four times the volume diametre is
obtained.
Fig. 3.3 shows the evolution of the cell constant as a function of radius and
height of the excitation (a) and detection (b) volumes. The difference between
the two charts is due to the fact that dimensions of the excitation volume affect
the interaction length as well. In the excitation volume V1, a compromise can
be found between radius r1 and height h1, as reducing them too much would
result in a stronger resonance, but in a lower interaction length, and vice versa
if they are too large. The largest constant is obtained for a radius in the 15 - 20
mm range and a height between 2 and 4 mm, resulting in a thin disc shape.
When detection volume V2 is considered, on the contrary, the cell constant
is highest when both radius r2 and height h2 are very small. For instance,
changing r2 from 10 to 25 mm and h2 from 1 to 5 mm results in a cell
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Figure 3.3: Theoretical dependence of the cell constant as a function of radius and
height of the excitation (a, with r2 = 17.5 mm, h2 = 3 mm, a = 4 mm and l = 3
mm) and the detection (b, with r1 = 17.5 mm, h1 = 3 mm, a = 4 mm and l = 3 mm)
volumes. The difference between the two charts is due to the fact that dimensions of
the excitation volume affect the interaction length as well.
constant as much as 60% lower. Still, for symmetry reasons and manufacturing
simplicity, the decision has been taken to keep the same dimensions for the
two volumes.
Concerning the connecting duct, Fig. 3.4 shows clearly that the radius has
a higher influence on the cell constant compared to the length; changing the
radius from 2 to 6 mm, for instance, results in a 3-fold constant enhancement,
while the same variation on the length induces an improvement of only 10%.
Therefore, as the surface and volume of the duct have to be much smaller
compared to the volumes, the duct will have a disc shape too, with both
radius and height of few millimetres.
Mathematical simulation of resonant frequency f0 as a function of the cell
geometry, performed using eq. (2.72), is depicted in Fig. 3.5; within the
selected range of values for duct and volumes dimensions, f0 varies between
2 and 3 kHz, well above the lower boundary of 1 kHz set in the previous
paragraph to reduce the influence of acoustic noise.
Final design must take into account the several external elements needed
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Figure 3.4: Theoretical dependence of the cell constant as a function of radius and
length of the duct, considering r1 = r2 = 17.5 mm and h1 = h2 = 3 mm. The radius
has a much bigger influence on the constant compared to the length.
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Figure 3.5: Theoretical dependence of the resonant frequency as a function of duct
(a, with r1 = r2 = 17.5 mm and h1 = h2 = 3 mm) and volumes (b, with a = 4 mm
and l = 3 mm) dimensions. The most influent dimension is observed to be the duct
radius.
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Figure 3.6: Three-dimensional (a) and cross-sectional (b) views of the photoacoustic
cell setup. All the external elements are visible in both views, volumes and connecting
tube are shown in the cross-sectional view.
in a photoacoustic sensor; the presence of a thin window allowing laser beam
injection has already been introduced. Other implemented elements are a
microphone to detect the photoacoustic signal, gas inlet and outlet to allow
continuous flow measurements, and a loudspeaker, useful to track resonant
frequency changes and to perform acoustical characterisation of the cell.
All these elements must be carefully positioned in order to correctly per-
form their task without affecting the acoustic properties of the resonator and
the photoacoustic signal generation. As in the case of the microphone, the
loudspeaker will be placed into the detection volume, in order to maximise
the available surface for multiple reflection inside the excitation volume, in-
creasing the interaction length between light and gas. Concerning gas inlet
and outlet, they are located one per volume, to ensure that the investigated
gas passes through the whole cell. In this perspective, position of duct is also
very important; it will be shifted with respect to the volumes centre, and this
asymmetrically compared to the gas inlet, so that the gas will traverse a path
as long as possible inside the excitation volume. The final setup is shown in
Fig. 3.6.
Dimensions of the resonator have been chosen taking into account all the
described constraints, and with the help of numerical simulations. Following
values have been selected:
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• Volumes radii r1 and r2: 17.5 mm
• Volumes heights h1 and h2: 3 mm (hence V1 = V2 ∼ 2886 mm3)
• Duct radius a: 4 mm
• Duct length l: 3 mm
In order to leave the possibility to analyse experimentally the influence of
the geometrical dimensions on the cell behaviour, the mechanical parts that
compose the cell have been designed in order to allow the modification of some
dimensions (see § 3.3.3).
According to numerical simulations, the selected values result in the fol-
lowing theoretical cell performances, in air and at room temperature:
• Cell constant Ccell: ∼ 1469 Pa·cm/W
• Resonant frequency f0: ∼ 2661 Hz
• Quality factor Q: ∼ 49.8
The chosen dimensions fulfill the physical conditions described in § 3.2.1; in
fact, acoustic wavelength at resonance is around 128 mm, hence much bigger
compared to the cell size, and the ratio between surfaces and volumes of the
duct and of the two volumes is as small as 0.05.
3.3 Characterisation of the photoacoustic cell
3.3.1 Frequency response and improvements of the cell
The initial acoustic cell tests, performed using a loudspeaker excitation, have
immediately revealed a strong dependence of the cell performances on some
parasitic volumes inside the cell, such as the gas inlet and outlet and the
loudspeaker duct. In addition, the cell behaviour is strongly influenced by
boundary conditions at gas connections, depending on whether these are open
to free space, closed with nuts or connected to pipes. As illustrated in Fig.
3.7, the Helmholtz resonance (a), located as expected in the 2.6 kHz range, is
efficiently excited in the case of plugged gas connections, slightly weaker but
still at the same frequency for open connections, and eventually very poorly
excited and sensibly shifted when pipes are connected to the cell. Furthermore,
a second spurious resonance (b), due to the coupling between the cell and
the loudspeaker case, is shown in the 1.8 kHz range, and even a third peak
(c) appears in the case of open gas connections, resulting from an acoustic
coupling between volumes, gas connections and the outer space1.
While the spurious peaks are far enough from the Helmholtz resonance to
not affect its behaviour, the different efficiency of excitation according to the
boundary conditions is a serious issue and has to be solved. A good solution is
the implementation of silencers at the resonator extremities. Silencers consist
in a pipe followed by a buffer volume, to be connected to the gas inlet and
outlet; length of both elements must be equal to an odd multiple of a quarter
wavelength, the reason being the need of a high acoustic impedance mismatch
1A cell volume and the duct of a gas connection form a Helmholtz resonator as well.
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Figure 3.7: Acoustic response of the cell when gas connections are plugged (solid
curve), open (dashed curve) or connected to pipes (dotted curve). Arrows designate
the Helmholtz resonance (a), a spurious peak due to the loudspeaker case (b), and
another spurious peak due to the open gas connections (c).
between cell, pipes and buffer volumes; in this way, acoustic impedance at the
junction between cell and gas connections is virtually infinite, and acoustic
coupling between them is highly reduced [6]:
lsil = (2n+ 1)
Λ
4
n = 0, 1, 2, etc. [m] (3.1)
As the gas connectors used in the sensor are intrinsically longer than the
quarter wavelength (∼ 30 mm in this case), pipes have been designed to pro-
vide a total length (connection plus pipe) equal to three quarters wavelength,
while buffer volumes length is simply equal to a quarter wavelength; finally,
pipes internal diameter matches exactly the diameter of the gas connectors
(4 mm) in order to simulate a unique regular duct between resonator and
buffer volumes, while buffer volumes diameter results from a trade-off be-
tween the guarantee of a step impedance change with respect to the pipes and
a short response time of the system; a value of 30 mm has been eventually
selected (Fig. 3.8).
The effect of silencers is depicted in Fig. 3.9; the boundary conditions at
gas connections have no longer any influence on the frequency behaviour of the
cell, and curves for plugged, open, or connected gas inlets perfectly overlap.
Helmholtz resonance is efficiently excited in all cases and it is well isolated
from other spurious resonance peaks; these peaks, appearing at approximately
1.8 and 3.6 kHz, correspond to the two first longitudinal modes of the silencer
pipes; additional peak around 1.8 kHz is still due to a parasitic coupling
between the loudspeaker case and the cell.
3.3.2 Noise level
Ultimate detection limit of photoacoustic sensors is determined by the lowest
detectable pressure change, i.e. by the noise measured by the microphone.
This noise results from several contributions, including intrinsic microphone
noise, preamplifier noise and ambient acoustic noise. This last contribution
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Silencer volumes
Silencer pipes
Figure 3.8: Photoacoustic cell setup, including silencers. Pipes length is equal to
3/4 Λ, buffer volumes length is 1/4 Λ.
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Figure 3.9: Acoustic response of the cell with silencers when gas connections are
plugged (solid curve), open (gray dashed curve) or connected to pipes (dotted curve).
The three curves perfectly overlap, and the Helmholtz resonance is efficiently excited
and isolated from other peaks.
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Figure 3.10: Acoustic noise as a function of flow rate. Circles represent the measured
noise value averaged over 20 minutes with 10 s integration time, errorbars correspond
to standard deviation of measured signal; dashed line represents the microphone and
preamplifier noise level, measured in an anechoic room and averaged over 1000 points,
with the same integration time. Flow rates up to 1000 sccm have been tested without
major effects on the overall noise.
takes into account the noise caused by gas flow inside the cell, usually increas-
ing with higher flows.
In order to ensure a good acoustic isolation from external environment,
the photoacoustic cell has been placed inside a wooden chamber, with 22 mm
thick walls, whose internal and external surfaces are respectively covered with
a wavy absorbing foam (to reduce internal sound reflections), and with a 5 mm
layer of Idikell, a lead-based coating, to increase the acoustic isolation. The
chamber itself is fixed on four silent blocks (rubber feet with a known stiffness),
forming a low-pass mechanical filter with a very low cut-off frequency, so that
both ambient acoustic noise and external mechanical vibrations are efficiently
filtered out of the chamber.
Contributions from the microphone and the preamplifier were measured in
a special anechoic room showing an extremely low ambient noise; subsequently,
total noise has been measured as a function of gas flow rate inside the cell,
and results are reported in Fig. 3.10; measurements were performed at the
resonant frequency, with an integration time of 10 s.
Gas flow seems not to have a large impact on the acoustic noise, which
varies from ∼ 2 µV to ∼ 3 µV when flow increases from 0 to 1000 sccm
(standard cubic centimetres per minutes), with a standard deviation slightly
lower than 1.5 µV; contribution from the microphone and the preamplifier is
approximately 0.8 µV.
Noise standard deviation σN is a fundamental parameter for photoacoustic
sensors characterisation, as the detection limit of a sensor is usually considered
to be equivalent to 3 times σN .
3.3.3 Photoacoustic characterisation of the cell
First photoacoustic measurements have been performed using methane as
test substance, as several properties of this gas make its detection easy and
straightforward. In fact, methane shows no problems of adsorption/desorption
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Figure 3.11: Photoacoustic response of the cell filled with 5000 ppm of methane.
Type of excitation f0 [Hz] Q [-]
Acoustic 2611 25.3
Photoacoustic 2668 23.9
Numerical simulation 2661 49.8
Table 3.2: Measured values for resonance frequency and quality factor, in the case
of acoustic and photoacoustic excitation, compared with simulations. Values for
acoustic measurements and for numerical simulations are obtained in air, values for
photoacoustic excitation are obtained in nitrogen.
on cell walls and it is unaffected by relaxation effects, as long as a small per-
centage of water is present in the buffer gas [7], condition which can be easily
achieved in laboratory tests. In addition, CH4 concentrations as high as 10000
ppm can be used without any risk for human health.
Frequency response of the cell filled with 5000 ppm of CH4 in N2 and
excited with a suitable laser (λ= 2.37 µm, P0 = 2 mW) has been measured and
is illustrated in Fig. 3.11. The modulated laser beam excites the Helmholtz
resonance as efficiently as the loudspeaker; longitudinal modes of the silencer
pipes are still visible at 1.8 and 3.6 kHz, while the parasitic coupling with the
loudspeaker case, observed in the case of a loudspeaker excitation (Fig. 3.9)
seems not to be excited in this case, due to the fact that the photoacoustic
signal is generated in the opposite volume.
Measured values for resonance frequency (Table 3.2) are in good agreement
with simulation values, while quality factor is approximately 2 times lower.
This can be explained by the fact that losses inside the volumes are supposed
to be negligible compared to losses inside the duct, according to the electrical
analogy model used to perform the numerical simulation; this condition is
not fulfilled by the designed cell, due to the thin disc shape of the volumes,
resulting in an overall increase of viscous and thermal losses.
3.3.3.1 Influence of the variable dimensions
Thanks to a suitable mechanical design, it has been possible to change some
dimensions of the cell and analyse the effect on the photoacoustic efficiency
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of the sensor. Modifications of duct radius and of volumes height have been
accomplished, and the resulting influence on resonance frequency and photoa-
coustic signal generation has been analysed.
Measured resonant frequencies are in good agreement with theoretical cal-
culations in all cases (Fig. 3.12-3.14 a).
Photoacoustic signal, generated in the same conditions as for frequency
response, has been compared to the theoretical cell constant, as it is sup-
posed to be proportional to it. Experimental values trend agrees or differs
from the cell constant according to the cases. For instance, when duct radius
is increased (Fig. 3.12 b), PA signal follows the same tendency as the cell
constant up to a value of 4 mm, then it decreases, most probably because a
too large radius does not fulfill anymore the mutual acoustic conditions, de-
scribed in § 3.2.1, which guarantee the resonant behaviour. When considering
the volumes height, in the case of the detection volume (Fig. 3.13 b) there
is a good agreement between experimental and theoretical values, while for
the excitation volume (Fig. 3.14 b) the trend is similar, but the experimental
optimum value is slightly shifted compared to calculations (4.5 mm instead of
∼ 3.7 mm); this divergence is probably due to an unprecise estimation of the
interaction length lpath inside the volume.
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Figure 3.12: Resonance frequency (a) and photoacoustic signal (b) as a function of
duct radius a. Circles (left vertical axis in b) are experimental points, solid lines (right
vertical axis in b) represent theoretical values. Photoacoustic signal is compared to
the simulated cell constant.
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Figure 3.13: Resonance frequency (a) and photoacoustic signal (b) as a function of
detection volume height h2. Circles (left vertical axis in b) are experimental points,
solid lines (right vertical axis in b) represent theoretical values. Photoacoustic signal
is compared to the simulated cell constant.
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Figure 3.14: Resonance frequency (a) and photoacoustic signal (b) as a function of
excitation volume height h1. Circles (left vertical axis in b) are experimental points,
solid lines (right vertical axis in b) represent theoretical values. Photoacoustic signal
is compared to the simulated cell constant.
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3.4 Trace gas detection
The developed photoacoustic sensor has been first tested with methane, then
optimised to perform ammonia detection at ppm level. In both cases, the
following procedure has been applied:
1. Scan of the laser wavelength to measure gas spectrum, and location of
the most efficient absorption line.2
2. Optimisation of the modulation scheme in order to maximise the pho-
toacoustic signal.
3. Measurement of the photoacoustic signal as a function of gas concentra-
tion, and determination of the detection limit.
Before proceeding to the details of the two measurements, a description of
the laser diodes utilised to perform the detection is presented.
3.4.1 Laser characteristics
Sensitive gas analysis involves high requirements on laser properties. First of
all, in order to guarantee a good sensing selectivity, a pure single-mode emis-
sion is needed, with a high side mode suppression ratio (SMSR). Linewidth
of the laser has to be narrow enough to address a single absorption line of
the probed gas; as the typical absorption linewidth at ambient pressure and
temperature is approximately 2 - 3 GHz (see § 2.2.2), laser linewidth should
be at least one order of magnitude lower. Mode hopping-free tuneability is
also an important parameter, in order to be able to address several absorption
lines, to perform background measurements outside the lines, or to analyse
the presence of other gases absorbing in the same region. Finally, when PAS is
considered, output power is of the utmost importance as well, as the generated
photoacoustic signal is directly proportional to it.
3.4.1.1 Overview of the available sources in the selected spectral
region
As introduced in § 3.1, the photoacoustic cell has been designed to suit re-
cently developed antimonide-based semiconductor DFB lasers emitting in the
2 - 2.7 µm region. This spectral window is not reachable using standard semi-
conductor laser materials (GaAs, InP, etc.), and despite its attractive spectro-
scopic properties, only few other types of laser sources emit in this wavelength
range:
• Chromium-doped chalcogenide lasers (Cr2+:ZnSe, Cr2+:ZnS, Cr2+:CdSe,
etc) have been demonstrated to emit in the 2.1 - 2.8 µm range [8, 9], with
a considerably high power (several hundreds of milliwatts) and a large
tuneability (up to 600 nm); they are optically pumped, therefore they
need a high mechanical stability, hence a low technical noise environ-
ment, and their linewidth is in the order of few GHz (thus comparable
with gases absorption lines), unless frequency selective optical elements
2The most efficient line does not necessarily correspond to the strongest line, as the laser
power is not constant all over the scanned spectrum, and a weaker line can be reached with
a higher power, resulting in a stronger signal.
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are employed. However, despite the large linewidth, photoacoustic spec-
troscopy using Cr2+ doped lasers has been successfully demonstrated
[10].
• Difference frequency generation (DFG) sources and optical parametric
oscillators (OPO) exploit the nonlinear properties of some crystals (e.g.
PPLN, periodically poled lithium niobate) in conjunction with standard
NIR lasers, in order to obtain a resulting emission up to the FIR region
[11]; both sources show linewidths in the megahertz range, but OPOs
have a much higher power (hundreds of milliwatts) compared to DFG
lasers (few milliwatts), therefore they are more attractive for PA appli-
cations [12]. Still, their intrinsic complexity and their required precise
stabilisation make them not suitable for a compact sensor.
None of the other typical MIR sources, such as CO/CO2 lasers (emitting
respectively at 5 - 6 and 9 - 11 µm), quantum cascade lasers (QCL, 4 - 24 µm),
or lead salt lasers (4 - 30 µm), can reach the target spectral region [13, 14],
making antimonide-based lasers a very interesting source for the development
of a compact and portable sensor in the 2 - 2.7 µm range.
3.4.1.2 Characterisation of the antimonide lasers
DFB antimonide-based lasers are very similar to standard semiconductor
lasers concerning their spectral properties; a SMSR as high as 30 dB can
easily be obtained, and typical linewidths do not exceed 10 MHz [15, 16].
Two different laser diodes have been used in the frame of this work. The
first one (laser #1 from now on) was a prototype developed by the Electronics
and Microoptoelectronics Lab of University of Montpellier (France) jointly
with Nanoplus GmbH (Gebrunn, Germany), while the second (laser #2) was
a fully functional diode, provided by Nanoplus GmbH as well; both lasers
were obtained within the European project “Gas laser analysis by infrared
spectroscopy” (GLADIS3).
The two diodes were housed in standard TO 5.6 windowless packages, with
no Peltier cooling, hence temperature stabilisation had to be performed using
an external commercial TE-cooled laser mount.
Lasers output power was measured as a function of the injection current at
different temperatures ranging from 15◦C to 40◦C using a thermal powermeter
directly mounted in front of the laser, without any collecting optics. The
observed threshold current was in the range of 30 - 40 mA for laser #1 and
of 20 - 30 mA for laser #2, whereas maximum measured optical powers were
respectively 2.6 and 3.4 mW (@ T = 15◦C and I = 100 mA), as shown in
Fig. 3.15 - 3.16.
Wavelength and tuneability of the lasers were measured as a function of
injection current and temperature as well, using a wavemeter with a picometer
resolution. Performances of the two lasers were extremely different. Laser #1
(Fig. 3.17) suffered from multimode emission and mode hops, except for a lim-
ited range of temperature (30 - 40◦C) and current (80 - 100 mA), where a con-
tinuous tuneability of approximately 3 nm (2371.2 - 2374.3 nm) was observed,
with tuning coefficients of -2.6 GHz/mA (0.048 nm/mA) and -11.2 GHz/◦C
(0.21 nm/◦C).
3Contract IST-2001-35178
3.4 Trace gas detection 53
0 20 40 60 80 100
0
0.5
1
1.5
2
2.5
3
Injection current [mA]
O
u
tp
u
t 
p
o
w
e
r 
[m
W
]
Increasing temperature
Figure 3.15: Output power as a function of injection current for laser #1 measured
at temperatures between 15◦C and 40◦C with a 5◦C step.
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Figure 3.16: Output power as a function of injection current for laser #2 measured
at temperatures between 15◦C and 40◦C with a 5◦C step.
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Figure 3.17: Wavelength tuneability of laser #1 measured at different temperatures.
Single-mode continuous tuneable emission is observed for temperatures between 30◦C
and 40◦C and currents between 80 and 100 mA
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Figure 3.18: Wavelength tuneability of laser #2 measured at different temperatures.
Single-mode continuous tuneable emission is observed for the whole range of current
and temperature.
Laser #2, on the contrary, showed a nicely continuous tuneability in the
whole range of current and temperature, as illustrated in Fig. 3.18. Wave-
length could be tuned over 6 nm (2209.8 - 2215.8 nm), with tuning coefficients
of -2 GHz/mA (0.032 nm/mA) and -13.5 GHz/◦C (0.22 nm/◦C). Character-
istics of both lasers are summarised in Table 3.3.
3.4.2 Description of the experimental setup
To obtain an efficient coupling of the laser beam inside the photoacoustic cell,
this one is mounted on a 3-axes micro-displacement stage and positioned as
close as possible to the laser diode, mounted on its external TE-cooling device.
Due to the high divergence of the used lasers, alignment of the cell turns
out to be uncritical, and the observed photoacoustic signal is independent
on the exact relative positions of the cell and the laser diode in a range of
approximately 1 mm for both horizontal and vertical directions.
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Gas CH4 NH3
Operating wavelength [nm] 2371.6 2211.2
Spectral range [nm] 2371 - 2374 2210 - 2216
Temp. tuning [GHz/◦C] -11.2 -13.5
Current tuning [GHz/mA] -2.6 -2.0
Tset [
◦C] 31.8 15.6
Iset [mA] 90 100
Average power [mW] 2 3.4
Table 3.3: Characteristics of the lasers used for trace gas monitoring. Tset and Iset are
the temperature and current operating point of the corresponding laser, respectively.
The average power is obtained for the operating conditions at Tset and Iset.
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Figure 3.19: Scheme of the experimental setup. Gas concentration is determined by
certified gas cylinders connected to mass-flow controllers (MFC). Laser diode (LD)
is temperature- and current-controlled through a laser driver. Microphone signal is
preamplified and detected with a lock-in amplifier.
Laser temperature and current are controlled through the external mount
by a commercial laser driver with respective resolutions of 0.1◦C and 0.01 mA,
and providing an external modulation input.
Microphone signal is preamplified and detected through a lock-in amplifier
with a variable integration time.
Finally, the cell is connected through teflon pipes to a system of mass-flow
controllers, which, in turn, are connected to certified cylinders of different gas
mixtures, in order to modify the concentration of investigated gases. For in-
stance, when performing ammonia detection, flow from a cylinder of 100 ppm
of ammonia buffered in nitrogen is diluted with pure nitrogen from another
cylinder, resulting in ammonia concentrations down to few ppm or tenths of
ppm.
The experimental setup is illustrated in Fig. 3.19, while Fig. 3.20 shows
a picture of the photoacoustic cell positioned in front of the laser mount.
3.4.3 Methane detection
Methane presents its strongest absorption lines in the 3.3 µm region (funda-
mental ν˜3 band), with absorption coefficients higher than 50 cm
−1 at ambient
pressure and temperature; PAS at ppb level has been successfully demon-
strated in this band, using an OPO as light source [17]. Second harmonic of
this band (2ν˜3), located in the 1.65 µm range, is of some interest too, despite
its absorption approximately 2 orders of magnitude lower, mainly thanks to
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Figure 3.20: Picture of the experimental setup. The cell is positioned as close as
possible to the laser diode mount using a micro-displacement stage.
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Figure 3.21: Methane spectrum measured with square current modulation (70 ± 30
mA, solid curve with dots), for temperatures between 26◦C and 30◦C, along with
calculated spectra from HITRAN database (solid curve). Methane concentration is
5000 ppm buffered in nitrogen.
the availability of DFB semiconductor lasers, and absorption lines in this re-
gion have been widely used to perform PA detection at sub-ppm level [18, 19].
A third band (ν˜1 + ν˜4), whose absorption lines are approximately 50%
stronger than at 1.65 µm, is located around 2.3 µm, and some lines belonging
to this band can be probed by laser #1.
Fig. 3.21 depicts the spectrum of methane obtained by scanning laser tem-
perature between 26◦C and 30◦C, and by modulating injection current with
a square signal of 60 mA around a 70 mA operating setpoint, compared with
the spectrum calculated from the HITRAN database [20]. A good qualita-
tive agreement is observed, but the measured spectrum has a slightly reduced
spectral resolution. Origin of this problem is to be found in the external
temperature stabilisation, which leads to an inefficient heat dissipation in the
laser diode, resulting in a slight wavelength shift during the current modula-
tion, and finally in an apparent linewidth broadening and in a poor spectral
resolution when performing photoacoustic measurements.
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Figure 3.22: Square (dashed line) and ramp (solid line) modulation currents. Ramp
modulation compensates the supposed exponential temperature drift during modu-
lation period (dotted line).
3.4.3.1 Improvement of the modulation scheme
The temperature drift during modulation period being supposed to follow an
exponential trend, a solution to this problem could be given by a modulation
scheme which could compensate the increasing exponential temperature evo-
lution in the laser diode, thus improving the measurement spectral resolution.
Several attempts were tried, and the best results were obtained using an
experimentally determined two-slopes ramp (Fig. 3.22), obtained with linear
interpolation of the following points:
Imod =


30 mA at t = 0 −30 mA at t = T/2
22 mA at t = T/5 −22 mA at t = 7 T/10
20 mA at t = T/2 −20 mA at t = T
(3.2)
Methane spectrum obtained using the described ramp modulation is il-
lustrated in Fig. 3.23. Advantages of this modulation scheme are clearly
visible; methane lines are better resolved, and furthermore the corresponding
photoacoustic signal is approximately 20% higher, due to the more efficient
interaction between laser linewidth and absorption line.
3.4.3.2 Wall noise suppression
Measurement of the photoacoustic signal as a function of the methane con-
centration is shown in Fig. 3.24. Laser temperature and operating current
were set to address the strongest line, selected from measured spectrum, and
gas concentration was changed by dilution of methane in nitrogen.
Concentrations down to 5 ppm could be detected, with a perfect linear
correspondence between photoacoustic signal and gas concentration, but a
strong residual signal was present when methane concentrations fell down to
zero.
Origin of this signal is to be found in the interaction between laser light
and the cell walls. In fact, as the cell geometry is designed to exploit multiple
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Figure 3.23: Methane spectrum measured with described ramp current modulation,
Iset = 70 mA, for temperatures between 26
◦C and 30◦C (solid curve with dots),
compared with calculated spectra from HITRAN database (solid curve). Methane
concentration is 5000 ppm buffered in nitrogen.
reflections of the laser beam inside the excitation volume, the light is even-
tually absorbed by the cell walls after a certain number of reflections; as a
consequence, walls are heated and also generate an acoustic wave at the laser
modulation frequency. This parasitic sound acts as a noise that induces an
offset in the measured acoustic signal.
One way to reduce the importance of this noise is to use appropriate wave-
length modulation (WM) instead of intensity modulation (IM). Semiconductor
lasers may be intensity- or wavelength-modulated depending on the compari-
son between operating current and modulation depth [21]. When modulation
depth is comparable to operating current, as it is the case in the used ramp
modulation (respectively 60 and 70 mA), intensity modulation is dominating;
when modulation depth is much smaller than operating current, wavelength
modulation becomes prevailing.
The use of WM enables to reduce the effect of wall noise, since wall ab-
sorption is wavelength-independent (on a narrow spectral range comparable
to the width of a molecular absorption line) and is thus not able to induce
an acoustic wave in case of pure laser WM. However, pure WM cannot be
achieved when modulating the injection current of a semiconductor laser and
residual IM is always present [22], which prevents a total suppression of wall
noise.
Still, higher suppression rate may be achieved by combining WM and
harmonic detection. In the WM-dominated regime, the generated PA signal is
essentially proportional to the derivative of the target absorption line, whereas
it is directly proportional to the absorption coefficient in the IM-dominated
regime. Furthermore, nth harmonic detection may be performed with WM,
which gives rise to an nth derivative of the absorption line. Since IM essentially
occurs at the fundamental modulation frequency in a semiconductor laser,
second harmonic (2f) detection enables to efficiently suppress wall noise, while
maintaining a strong PA signal. To efficiently exploit the acoustic properties
of the cell, when performing second harmonic detection laser current has to
be modulated at half the cell resonant frequency, so that 2f signal is matched
to the Helmholtz resonance and enhanced by the resonator properties.
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Figure 3.24: Photoacoustic signal as a function of methane concentration using a ramp
modulation; dots represent measured points, errorbars correspond to uncertainty
on PA signal, solid line is a linear fit, dashed line shows the average noise level
(photoacoustic signal when gas concentration is equal to zero), which is very high
due to walls absorption.
A scan of the probed methane absorption line obtained with wavelength
modulation and 2f detection is depicted in Fig. 3.25, showing the typical
second derivative shape. The measurement is performed using a 10 mV sine
signal, with the temperature set at 31.8◦C and varying the operating current
between 93 and 100 mA, for a total wavelength scan range of 0.3 nm. The
effective suppression of wall noise is illustrated in Fig. 3.26, where PA signal
obtained with WM and 2f detection is shown as a function of methane con-
centration. Concentrations down to 10 ppm were effectively measured, and a
detection limit of 5 ppm (corresponding to average plus 3 times the standard
deviation σN of the measured signal when gas concentration is equal to zero)
with a 10 s integration time is achieved.
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Figure 3.25: Scan of the probed methane absorption line using WM and 2f detection.
Methane concentration is 100 ppm, modulation depth is 10 mA, laser temperature is
31.8◦C, and injection current is scanned between 93 and 100 mA. The typical second
derivative shape is observed.
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Figure 3.26: Photoacoustic signal as a function of methane concentration using WM
and 2f detection; dots represent measured points, errorbars correspond to uncertainty
on PA signal, solid line is a linear fit, dashed line shows the noise level, illustrating
the strong reduction of wall noise. A detection limit of 5 ppm (SNR = 3) with a 10 s
integration time is achieved.
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3.4.4 Ammonia detection
Ammonia sensing at ppm level is the main objective of the first part of this
work. Sensing of this molecule is widely implemented in different fields, such
as industrial DeNOx processes [23], clean-rooms [24] or environmental [25]
monitoring, or medical breath analysis [26]. Required sensitivity is often in
the ppb level, which can be achieved using PAS in conjunction with high
power CO2 lasers [27] or, in the telecom range, with the use of erbium-doped
fibre amplifiers [28, 29]. However, for some applications, such as DeNOx
processes, which are widely used in power plants and incinerators to reduce
NOx emissions, a sensitivity in the ppm range is sufficient.
Ammonia strongest absorption lines, due to transitions in the fundamental
ν˜2 band, are located in the 10 µm region, showing absorption coefficients as
high as 80 cm−1 at ambient pressure and temperature. Some lines within this
region turn out to match emission wavelength of CO2 lasers, making them a
suitable source to perform highly sensitive NH3 detection [27].
Lines in the telecoms range are mainly due to transitions in the combined
ν˜1 + ν˜3 and the overtone 2ν˜3 bands [30], and their absorption coefficients are
lower than 0.5 cm−1.
The combined ν˜2 + ν˜3 band, whose lines intensity is approximately twice
as large as in the telecoms window, is located between 2.1 and 2.4 µm, hence
within laser #2 wavelength range.
Fig. 3.27 depicts the spectrum of ammonia obtained by scanning laser
temperature between 15◦C and 40◦C, and by modulating injection current
with a 100 mA on-off square signal, compared with the spectrum calculated
from the HITRAN database. Two absorption lines, respectively located at
2211.2 and 2213.9 nm, are valid candidates for ammonia sensing. The former
has a slightly lower absorption coefficient (0.55 cm−1 versus 0.63 cm−1 at
atmospheric pressure), but it can be reached at a lower laser temperature (for
the same injection current), thus with an optical power approximately 20%
higher compared to the latter. As the PA signal linearly depends on optical
power, the 2211.2 µm line has been finally selected for ammonia detection.
3.4.4.1 Selection of an optimal modulation scheme
As during tests on methane, a strong background wall noise is observed during
measurements, and can be seen on Fig. 3.27 between the different detected
lines. Effective suppression of this noise has been already demonstrated using
wavelength modulation and 2f detection in § 3.4.3.2, and the same modulation
scheme has been implemented for ammonia sensing.
Laser wavelength is fixed at 2211.2 nm by setting the operating current
at 85 mA and the temperature at 21.1◦C, and different modulation depths
have been tested in order to select an optimum value. Photoacoustic signals
obtained for modulation currents from 2.5 to 10 mA are reported in Fig. 3.28,
and the highest signal is achieved with a modulation depth of 7.5 mA, corre-
sponding to a ∼ 30 GHz scan if considering the tuning coefficient illustrated
in Table 3.3.
Theoretical description of photoacoustic 2f signal generation with wave-
length modulation predicts an optimum modulation depth equal to 2.2 times
the absorption linewidth [21], whose typical values at atmospheric pressure
and temperature are in the 2 - 3 GHz range, so that optimum modulation
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Figure 3.27: Ammonia spectrum measured with square current modulation (between
0 and 100 mA, solid curve with dots), for temperatures between 15◦C and 40◦C, com-
pared with calculated spectra from HITRAN database (solid curve). Photoacoustic
signal is normalised with respect to laser power. The circle indicates the selected line
for ammonia sensing. Ammonia concentration is 100 ppm buffered in nitrogen.
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Figure 3.28: Photoacoustic signal for 100 ppm of NH3 buffered in N2 as a function of
current modulation depth. A maximum value of 0.27 mV for a 7.5 mA modulation
current is observed.
depth should not exceed 6 - 7 GHz. Nonetheless, a closer examination of am-
monia spectrum reveals that at the selected wavelength two different lines,
spaced by 4.5 GHz, are present; these lines are unresolved at ambient temper-
ature and pressure, resulting in a broader line whose total width is approxi-
mately 9 GHz, thus requiring a modulation depth around 20 GHz, much closer
to the 30 GHz experimentally determined value. The remaining disagreement
can be explained by the fact that the laser current tuning coefficient has been
measured in static conditions, i.e. changing the operating current step by
step; in a dynamic situation, such as when the laser is modulated, this coeffi-
cient generally turns out to be smaller, so that the effective wavelength scan
is lower than the expected 30 GHz.
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Figure 3.29: Scan of the ammonia absorption line in the stainless steel cell (dotted
curve), in the golden coated cell (dashed curve), and in the same golden coated cell
with optimised volume height (solid curve). A maximum signal of 0.82 mV is obtained
for 100 ppm of NH3.
3.4.4.2 Additional improvements of the sensor
All the measurements discussed until this point of the work have been per-
formed using a first cell, made of stainless steel. To improve the efficiency
of the photoacoustic sensor, a second cell, made of aluminium and coated
with a 5 µm thin gold layer, has been implemented, and its performances are
discussed in this section.
The use of a gold coating is expected to have a double impact on ammonia
detection. On one side, gold has a higher reflection coefficient with respect
to stainless steel (∼95% compared to ∼80%), thus increasing the effective
interaction path between light and gas inside the excitation volume; on the
other, adsorption/desorption of ammonia molecules on gold is less important
than on steel [3], resulting in an improvement of the cell response time.
Fig. 3.29 shows three different scans of the probed ammonia absorption
line obtained under different conditions. The use of gold coatings (dashed
curve) induces an improvement of more than a factor of 2 with respect to the
signal generated in the stainless steel cell (dotted curve). A further improve-
ment (solid curve) is obtained optimising the height of excitation volume,
whose influence has already been discussed in § 3.3.3.1, resulting in an overall
gain of a factor of 3 when volume height is changed from 3 to 4.5 mm.
The second positive effect of gold coating is illustrated in Fig. 3.30. Re-
sponse time of the two cells is measured for a 25 ppm change of ammonia
concentration and a 1000 sccm flow rate, and results are fitted with an expo-
nential decay. When considering a gas renewal of 95% (1-1/e3), the response
time is equal to 3 times the exponential decay constant τ . A decay constant
of 37.7 s (i.e. a response time of 113.1 s) is obtained for stainless steel cell,
whereas this value is reduced to 19.8 s (59.4 s) for gold-coated cell, showing
a 2-fold improvement. Yet, the effect of ammonia adsorption/desorption on
the cell walls is not completely suppressed, as decay constant constant ob-
tained for a concentration step of methane, immune from any wall adsoprtion
effect, is 5.4 s (response time of 16.2 s), resulting in a response time 4 times
shorter. A coating made of a different material, such as teflon or paraffin [3],
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Figure 3.30: Response times of the PA cell to a NH3 or CH4 concentration change.
Circles represent measured points, solid line and dashed line are the exponential fit
for NH3 concentration respectively in the stainless steel and in the gold-coated cell,
dotted line is the fit for CH4 concentration. Gold coating improves response time for
ammonia by a factor of 2, but resulting response time is still 4 times longer compared
to methane.
would dramatically reduce this spurious effect, but a sensible loss in terms
of photoacoustic signal generation would be obtained as well, as efficiency
of multiple beam reflections inside the excitation volume coated with such
materials would be extremely lower than in the case of a gold coating.
3.4.4.3 Performances of the sensor
The best performances in ammonia detection have been achieved combining
the described 2f -WM scheme along with the gold-coated, volume-optimised
cell. Photoacoustic signal as a function of NH3 concentration buffered in
nitrogen is illustrated in Fig. 3.31. A photoacoustic calibration coefficient of
8.74 µV/ppm is obtained, and the lowest detectable concentration with an
integration time of 10 s is 0.5 ppm. It must be pointed out that the average
noise signal (i.e. PA signal with a zero-value gas concentration) is not equal
to zero as it would be expected, mainly because the lock-in amplifier used
to process the microphone signal operates with an R − θ detection scheme.
This detection scheme delivers separately the magnitude and the phase of
the signal, so that the averaged magnitude value is always higher than zero.
This value, averaged and evaluated at 2.8 µV, is summed up to 3 times the
noise standard deviation σN to obtain the ultimate noise-equivalent signal,
quantified at 6.7 µV, corresponding to the 0.5 ppm detection limit given above.
These results have been obtained using a Knowles EK3132 miniature elec-
tret microphone, whose sensitivity Mm, measured in an anechoic room, is
evaluated at 70 mV/Pa, in conjunction with a 100-fold gain (Gm) preampli-
fier. Taking into account these values, the experimental cell constant Ccell can
be calculated:
Ccell =
p
α0P0Cgas
=
U
α0P0CgasGmMm
= 853.4 Pa·cm/W
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Figure 3.31: Photoacoustic signal as a function of ammonia concentration; dots repre-
sent measured points, errorbars correspond to uncertainty on PA signal (vertical axis)
and on ammonia concentration (horizontal axis), solid line is a linear fit, dashed line
shows the noise level. A detection limit of 0.5 ppm (SNR = 3) with a 10 s integration
time is achieved.
This value is approximately 40% lower compared to the theoretical value
of 1469 Pa·cm/W given in § 3.2.2, which can be explained by several facts,
including the divergence between theoretical and experimental quality factor
Q, and the uncertainties on the interaction length lpath and on the microphone
sensitivity Mm. Moreover, the theoretical calculation of the cell constant con-
siders an intensity-modulated laser power, whereas a wavelength modulation
has been used to perform the measurements, furthermore in conjunction with
a 2f detection scheme.
Sensor performances can be more efficiently described by the ultimate
detection sensitivity D, which is defined as follows:
D =
α0P0Clim√
∆f
[W·cm−1Hz−1/2] (3.3)
where α0 is the normalized absorption coefficient of the probed line, P0 the
optical power, Clim the lowest detectable concentration, and ∆f the equivalent
noise bandwidth, which, according to the lock-in specifications, depends on
the integration time τint and on the slope of the lock-in internal filter. For a
6 dB/octave slope, the following relation is obtained:
∆f =
1
4τint
[Hz] (3.4)
A lower sensitivity value indicates higher sensor performances. In this case,
considering α0 = 0.55 cm
−1, P0 = 2.66 mW, Clim = 0.5 ppm and τint = 10 s,
a detection sensitivity of 4.62·10−9 W·cm−1Hz−1/2 is obtained. Table 3.4
summarises the sensor performances.
The achieved sensitivity is comparable with typical values found in liter-
ature for different kinds of photoacoustic sensors [28, 31, 32, 33, 34, 35], as
shown in Table 3.5.
66 Chapter 3. Helmholtz photoacoustic sensor
Photoacoustic sensor performances
α0 [cm
−1] 0.55
P0 [W] 2.66·10−3
Mm [mV/Pa] 70
Gm [-] 100
τ [s] 10
3σN [µV] 6.7
Clim [ppm] 0.5
Ccell [Pa·cm/W] 853.4
D [W·cm−1Hz−1/2] 4.62·10−9
Table 3.4: Summary of the photoacoustic sensor performances.
Author Type of sensor D [W·cm−1Hz−1/2]
This work Helmholtz 1.54·10−9
Grossel et al. [31] Helmholtz 1.31·10−9
Besson [32] Longitudinal 1.17·10−9
Webber et al. [28] Longitudinal 1.5·10−9
Meyer et al. [33] Radial 1.8·10−8
Hao et al. [34] Multipass 6.3·10−9
Kosterev et al. [35] QEPAS 5.4·10−9
Table 3.5: Comparison of the sensor performances with other typical photoacoustic
sensors. Most of the values found in literature are obtained taking into account 1
time σN as the lowest detectable concentration instead of 3 times, hence the values
for the sensors described in this work and in [32], calculated considering 3σN , have
been divided by 3, in order to allow a straightforward quantitative comparison.
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Chapter 4
Differential Helmholtz
photoacoustic sensor
The coming chapter is dedicated to the development of a second photoacoustic
cell, designed to perform differential measurements.
The motivations for a differential sensor and the related peculiar require-
ments are approached at first.
An accurate description of the photoacoustic cell design will follow, with
a particular stress on the intrinsic differences with regard to the previously
described Helmholtz sensor.
Acoustic and photoacoustic characterisation of the cell is then presented,
illustrating the encountered difficulty to perfectly fulfill the requirements of a
differential sensor.
Finally, some differential measurements on methane and on oxygen are
presented; different implemented detection schemes are detailed, and a dis-
cussion on the performances of the sensor will conclude the chapter.
4.1 Introduction
Differential photoacoustic spectroscopy is widely reported in literature, the
use of differential schemes allowing to obtain an efficient noise reduction and
thus to improve the SNR performances of a sensor. The term differential is
generally referred either to the excitation method (i.e. the same laser beam
excites two cells or two different parts of the same cell [1, 2]), or to the detec-
tion mode (i.e. two microphones are used, and the difference of their signals
provides the actual measurement [3, 4]), or even to a combination of both
[5]. In all cases, the purpose is to subtract from the main sought signal an
unwanted background, which can consist in any kind of noise, or sometimes
in a spurious signal induced by other gases absorbing at the same wavelength.
The photoacoustic sensor described in this chapter is meant to be differ-
ential in a third sense: it is designed to provide a signal proportional to the
difference between two concentrations of the same gas.
Motivations to design a sensor with these features are linked to a collab-
oration with the Center for Study of Living Systems at EPFL in the frame
of a COST action1, requesting the development of an instrument to analyse
energy expenditure of laboratory animals. This requires the determination of
1COST B24 Action: Laboratory animals science and welfare
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the oxygen consumption inside the animals cages, which can be realized by
measuring the difference of O2 concentration between cages inlets and outlets;
hence, the development of a sensor providing directly the difference between
two gas concentrations, rather then the absolute concentration values, would
provide a very convenient tool to perform this kind of laboratory analysis, as
a single sensor would be sufficient to provide the desired values instead of two
separate standard sensors.
The use of a differential sensor is ulteriorly justified by the very high oxygen
concentration in ambient atmosphere, which would result in a strong back-
ground signal, hence in a lower precision, when performing absolute measure-
ments, and whose effect would be highly reduced in the case of a differential
measurement.
4.2 Design of the differential photoacoustic cell
4.2.1 Motivation and criteria for cell design
The design of this second photoacoustic cell is based on the requirement for
a simple and compact sensor providing a differential measurement of two gas
concentrations. A configuration based on a Helmholtz resonator, similar to
the one described in the previous chapter, is proposed for this application.
Helmholtz resonators are intrinsically differential, since, under certain con-
ditions, phases of the acoustic signals in the volumes show a reciprocal π
shift [5]; therefore, the photoacoustic signal generated in one volume would
be in anti-phase with respect to the signal generated in the other volume, and
the signal detected by the microphone, resulting from the two contributions,
would be equal to their difference; hence, if each volume is filled with a differ-
ent concentration of a given gas, the resulting photoacoustic signal would be
proportional to the difference of the two concentrations, and eventually fall to
zero when the concentrations in the volumes are identical.
The main issue of this configuration is to physically separate the two vol-
umes, in order to avoid mixing the gas compounds, without affecting the
acoustic behaviour of the cell, in terms of resonance enhancement and of
phase shift. The proposed solution consists in a thin stretchable membrane
located midway in the connecting duct; this membrane, whose main role is
to reciprocally seal the volumes, should be tuned, through stretching, at the
same resonant frequency as the cell in order to preserve the resonator gain
and not to add any spurious phase shift between the volumes.
The geometric design of the cell depends primarily on the need for an
uniform optical power distribution between the two cell volumes, as photoa-
coustic signals generated separately in each volume have to be of the same
intensity; this requirement can only be achieved if the laser beam is collimated
and successively split in two arms of the same power, each one illuminating a
volume of the cell; therefore, unlike in the first sensor, the laser light will not
be coupled directly into the photoacoustic cell, and some bulk optic elements
(beam splitters, mirrors, etc.) will be integrated in the experimental setup
(Fig. 4.1).
A key point of the sensor design is the choice of the resonant frequency.
As described in § 2.3.1.1, intensity, phase and linearity of a photoacoustic
signal can be sensibly affected by relaxation effects when deactivation process
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Laser
Microphone
Tuneable membrane
Beam splitterMirror
Figure 4.1: Scheme of the differential resonator. Laser light is split in two arms, each
one illuminating a volume of the cell. The membrane separates gases in the chambers.
Signals generated in the volumes are π-shifted at microphone location.
of excited molecules of the probed gas is slow enough to be comparable with
the modulation period of the laser. For instance, when oxygen is considered,
relaxation rates through collisions with nitrogen and oxygen itself, the main
two components of ambient air, are very low (respectively 40 s−1 and 63 s−1
at atmospheric pressure), while deactivation process with water vapour is very
fast (1.1 · 106 s−1 at atmospheric pressure) [6]. The global oxygen relaxation
rate is given by eq. (2.37), where Ck is the concentration of the molecule
Mk and τ
−1
Mj−Mk
the relaxation rate of molecule Mj through collisions with
molecule Mk:
τ−1O2 = CO2τ
−1
O2−O2
+ CN2τ
−1
O2−N2
+ CH2Oτ
−1
O2−H2O
[s−1] (4.1)
For typical ambient air concentrations of nitrogen (78%), oxygen (21%)
and water vapour (1.15%), the resulting oxygen relaxation rate at p = 1
atm is approximately 11000 s−1; hence, to guarantee enough time for the
deactivation process to be completed within one modulation period of the
laser2, modulation frequency must be kept well below 1 kHz. On the other
hand, it is generally unadvised to use a too low operating frequency because of
the ambient acoustic noise, which is widely known to be inversely proportional
to frequency. A trade-off value range around 500 Hz has been selected.
Finally, the choice of the cell material is of a lesser importance in this
second cell, as the target substances are not expected to show problems of
wall adsorption, and probed concentrations would in any case be high enough
to neglect any adsorption effect. As the quality of the acoustic resonance
is directly influenced by the surface roughness of the cell internal walls3, an
electrochemically polished quality of stainless steel has been selected.
On the contrary, choice of the membrane material is more critical, as it
directly affects the membrane resonant frequency; investigated materials and
their properties are discussed in detail in the following section.
2This condition can be written as ωτ ≪ 1, hence f ≪ τ−1/2pi = 1.75 kHz.
3A high surface roughness causes an increase of viscous losses, hence a poorer resonance
quality factor.
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Material EY [MPa] µ [-] ρ [kg/m
3] ǫmin [mm] f0 [Hz]
NR/SBR 1.47 0.5 1.01 0.5 309
NBR 9.24 0.5 1.40 0.3 394
LDP 11.7 0.46 0.92 0.5 935
Table 4.1: Characteristics of some investigated materials for the membrane. EY is the
Young’s modulus, µ the Poisson’s ratio, ρ the density, ǫmin the thinnest commercially
available thickness and f0 the expected resonant frequency for a membrane of 1 cm
of diameter. NR/SBR stands for Natural Rubber/Styrene Butadiene Rubber, NBR
for Nitrile Butadiene Rubber, LDP for Low Density Polyethylene.
4.2.2 Design of the differential photoacoustic cell
The design of this second photoacoustic cell results from a trade-off between
high cell constant, low resonant frequency, physical limitations and technical
constraints, mainly concerning the membrane design. Overall target size is
to be kept within 10 - 15 cm to guarantee a small and compact sensor, and
geometric dimensions are chosen on account of their influence on the acoustic
and photoacoustic behaviour of the cell.
Design of the duct, beside fulfilling the acoustical conditions, has to take
into account the availability of a membrane resonating in the 500 Hz range,
which is difficult to achieve for diameters in the centimetre range. In fact,
given a round plate of diameter d and thickness ǫ, fixed along its circumference,
the fundamental resonant mode is [7]:
fm0 = 1.868
ǫ
d2
√
EY
ρ(1− µ2) [Hz] (4.2)
where EY is the Young’s modulus of the material (a measure of its stiffness),
ρ its density, and µ its Poisson’s ratio (ratio between normal and axial strain
when a load is applied; in most cases its value is between 0 and 0.5). Young’s
modulus is expressed in Pa, its value ranges from few tens of megapascal
(rubber) to few gigapascal (polyethylene, nylon) up to hundreds of gigapascal
(metals), and it is generally difficult to estimate its precise value because it
strongly depends on the exact composition of the material.
Low density polyethylene and different sorts of rubbers have been in-
vestigated, on account of their relatively low Young’s modulus and their
availability in form of thin films, and their main characteristics are sum-
marised in Table 4.1; a commercially available 0.5 mm film of NR/SBR4 rub-
ber (EY = 1.47 MPa, ρ = 1010 kg/m
3, µ = 0.5) has been eventually selected.
For a membrane made of this material, with a typical diameter of 1 cm, the
fundamental resonant mode is predicted at 309 Hz.
The constraint of a relatively large duct radius, needed to achieve a mem-
brane resonant frequency lower than 500 Hz, leads to a duct surface and
volumes no longer negligible with respect to cell volumes size; therefore, a
slightly more complex model has been used to simulate the cell behaviour, in-
cluding a supplementary acoustic mass in series with the capacitors (Fig. 4.2).
4NR/SBR stands for Natural Rubber/Styrene Butadiene Rubber, the components of the
selected material.
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Figure 4.2: Electrical analogy of a Helmholtz resonator whose duct has a volume and
a surface not negligible compared to the volumes dimensions.
Value of this acoustic mass, named LC , is given by [7]:
LC = 0.27
ρ
a
[Pa·s2/m3] (4.3)
Prediction of the cell constant and of the resonance frequency as functions
of the geometrical dimensions of the cell, calculated according to this extended
model, are reported in Fig. 4.3 and 4.4. Resonance frequency is directly
proportional to the duct radius and slightly inversely proportional to its length
(Fig. 4.3 b), whereas the cell constant shows a local maximum for a duct radius
of approximately 4 - 5 mm; for higher radii, the mutual conditions between
duct and volumes are no longer respected, and the efficiency of the resonator is
lowered (Fig. 4.3 a). Volumes length shows a very light influence on resonance
frequency, and no influence at all on the cell constant, as its effects on the
interaction path and on the chamber volume compensate reciprocally; finally
both the cell constant and the resonance frequency are inversely proportional
to volume radius (Fig. 4.4).
As the laser beam is collimated, the most efficient shape for the cell vol-
umes consists in long but narrow cylinders whose longitudinal axis coincides
with the propagation axis of the laser light. To increase the interaction path
length, multiple beam reflections inside the volumes are implemented: mirrors
are located at one extremity of the cylinders, and windows at the other; these
windows are suitably silver-coated on most of their internal surface, except on
a small opening section to let the laser beam enter the cell (Fig. 4.5); in this
way, high quality reflections are obtained on both sides of the volumes, and
interaction length is augmented.
Concerning the external elements, the decision has been taken to include
two microphones and two loudspeakers (one of each per volume), in order to
allow a more detailed characterisation of the cell, and to keep symmetry in
the sensor. Volumes are supplied with two gas connectors, in order to be able
to inject a different gas flow and mixture in each volume. The final setup is
shown in Fig. 4.6. After several simulations, and taking into account all the
constraints, the following values have been selected for the cell dimensions:
• Volumes radii r1 and r2: 10 mm
• Volumes heights h1 and h2: 80 mm (hence V1 = V2 ∼ 25133 mm3)
• Duct radius a: 5 mm
• Duct height l: 80 mm
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Figure 4.3: Theoretical dependence of the cell constant (a) and of the resonant fre-
quency (b) as a function of duct dimensions, considering r1 = r2 = 10 mm and h1 =
h2 = 80 mm. The cell constant shows optimum values for a radius of 4 - 5 mm.
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Figure 4.4: Theoretical dependence of the cell constant (a) and of the resonant fre-
quency (b) as a function of volume dimensions, considering a = 5 mm and l = 80
mm. Both quantities decrease with higher volume radii and are less affected by
volume length.
Figure 4.5: Silver-coated window located at volumes extremities. The windows has
a 22.4 mm diameter, the laser inlet section a 5 mm diameter. The small uncoated
segment beside this section results from coating process.
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Mirrors Membrane Gas inlet/outlet
Windows LoudspeakersMicrophones
Tuning screw
Figure 4.6: Differential photoacoustic cell setup. Left side of the dashed line is a top
view of the cell, right side is a cross-sectional view. All the external elements of the
cell are visible. The membrane can be tuned by adjusting the apposite screw.
The resulting mutual condition between duct and volumes are taken into
account by the extended model; all other physical conditions are fulfilled, as
acoustic wavelength at resonance is above 0.8 m, hence more than 10 times
higher than any dimension of the cell.
Simulations provide a Helmholtz resonance frequency of 409 Hz, and a
membrane fundamental resonance of 309 Hz. This value will be shifted to-
wards higher frequencies until it matches the resonance of the cell by tight-
ening the membrane through a suitable tuning system, consisting in a screw
that induces a longitudinal movement in a pipe to stretch the membrane. A
cell constant of 1461 Pa·cm/W and a quality factor of 37.8 are simulated,
although these value do not take into account the effect of the membrane.
Further simulations have been performed to predict the frequency and
phase behaviour of the cell in both volumes, and calculated curves are depicted
in Fig. 4.7. The simulated acoustic signals in the volumes show the same
trend around the resonance, though their behaviour is slightly different for
lower and higher frequencies; phase shift between the signals at the resonance
is estimated at approximately 170◦.
The reason for not reaching an exact π shift is to be found in the presence
of thermal and viscous losses inside the cell; these losses smooth the phase
steps observed inside the volumes at resonance, hence the difference between
phases tends to an asymptotic value of π, but it concretely reaches it only at
higher frequencies, far from the resonance.
4.3 Characterisation of the differential cell
4.3.1 Frequency and phase response
Frequency and phase behaviour of the sensor excited by the loudspeakers have
been measured in the same and in the opposite volume with respect to the
excitation. Loudspeakers have been alternatively frequency-scanned between
200 and 600 Hz, and magnitude and phase of the resulting microphone signals
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Figure 4.7: Simulation of the frequency (a) and phase (b) behaviour of the differential
cell. Dashed curves represent calculations for an excitation in the same volume as
the detection, dotted curves the calculations for an excitation in the opposite volume.
Solid line in the phase graph illustrates the phase difference between the two volumes,
which tends to π. The vertical line shows the resonant frequency location.
are reported in Fig. 4.8. Measured magnitudes follow the same trend as the
theoretical simulations shown in Fig. 4.7 a, the slight difference between the
two peaks values being due to the fact that the two loudspeakers are not
exactly identical. Observed resonance frequencies are respectively 421 and
419 Hz, suggesting the presence of small asymmetries between the volumes,
whereas quality factors Q are evaluated at 19.6 and 19.5, approximately 50%
of the theoretical value of 37.8, indicating an apparent under-estimation of
the losses in the model used for simulations.
When phases are considered, a qualitative agreement with expected trends
is observed as well, but the reached phase shift at the resonance frequency is
far from the expected π value, reaching only 140◦, owing to losses inside the
cell, as explained in the previous section.
4.3.2 Influence of the membrane
Measurements illustrated in § 4.3.1 have been repeated, in the same conditions,
with the membrane mounted midway in the connecting duct and properly
tuned. Observed curves are shown in Fig. 4.9. The main difference with
measurements obtained without membrane concerns the signal magnitudes,
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Figure 4.8: Measured frequency (a) and phase (b) behaviour of the differential cell
without membrane in the case of an acoustic excitation. Dashed curves represent
measurements for an excitation in the same volume as the detection, dotted curves
measurements for an excitation in the opposite volume. Solid line in the phase graph
illustrates the phase difference between the two volumes, which, at the resonant
frequency (indicated by a vertical line) is equal to 140◦.
which are approximately 60% lower, due do the significant acoustic losses
induced by the membrane.
The resonance of the membrane completely overrides the Helmholtz reso-
nance, due to its sensibly higher acoustic impedance, and therefore no evidence
of mode coupling is observed. This is confirmed by the fact that, when tighten-
ing or loosening the membrane to reach higher or lower resonant frequencies,
the Helmholtz resonance does not appear to be excited.
Resonant frequencies measured when exciting the same or the opposite
volume with respect to the microphone are respectively 421 and 417 Hz with
quality factors of 26 and 26.8, which confirm the presence of some asymmetries
between the volumes. Hence the membrane induces a slight improvement in
the quality factor, probably due to the fact that the membrane resonance
shows a higher efficiency with respect to the resonance of the cell.
Phase behaviour at the resonance is similar to the configuration without
membrane, and the observed phase shift reaches a value of 145◦ in the range
between the two measured resonance frequencies.
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Figure 4.9: Measured frequency (a) and phase (b) behaviour of the differential cell
with the tuned membrane in the case of an acoustic excitation. Dashed curves rep-
resent measurements for an excitation in the same volume as the detection, dotted
curves measurements for an excitation in the opposite volume; resonant frequencies
show a 4 Hz shift. Solid line in the phase graph illustrates the phase difference
between the two volumes, which, at an average values between the two resonant
frequencies (indicated by a vertical line) is equal to 145◦.
4.3.3 Photoacoustic characterisation of the cell
As in the case of the first cell, photoacoustic characterisation of the differential
cell has been performed using methane as a test gas, to benefit from stronger
absorption coefficients (approximately 0.5 cm−1 at 1.65 µm for CH4, compared
to 1·10−3 cm−1 at 760 nm for O2), and from the availability of a relatively high
power (∼15 mW) DFB laser emitting at the desired wavelength, as detailed
in § 4.4.1.
The laser beam is collimated and passes through a suitable beam split-
ter, and the resulting two arms are injected in the cell through the apposite
windows (see Fig. 4.1).
Frequency and phase behaviour of the cell has been measured by filling
both volumes with a methane concentration of 5000 ppm buffered in nitrogen,
by scanning the laser modulation frequency between 200 and 600 Hz and by
alternatively blocking one of the two beams to enter the cell, in order to obtain
a separate characterisation curve for each volume. Results are illustrated in
Fig. 4.10.
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Figure 4.10: Measured frequency (a) and phase (b) behaviour of the differential cell
with the tuned membrane in the case of a photoacoustic excitation. Dashed curves
represent measurements for an excitation in the same volume as the detection, dotted
curves measurements for an excitation in the opposite volume; resonant frequencies
show a 3 Hz shift. Solid line in the phase graph illustrates the phase difference
between the two volumes, which, at an average values between the two resonant
frequencies (indicated by a vertical line) is equal to 169◦.
Curves representing magnitudes are very similar to the ones obtained with
a loudspeaker excitation, showing a small 3 Hz shift between resonant frequen-
cies (422 and 419 Hz), and respective quality factors of 30.7 and 31.4 for an
excitation in the same and in the opposite volume with respect to the micro-
phone.
Results concerning the phase are better compared to the acoustic mea-
surements, as a phase shift of 169◦ is obtained in the range between the two
resonant frequencies.
Still, the non-achievement of a phase shift exactly equal to π will play
a significant role when performing differential measurements, as it will be
explained in detail in § 4.4.3.
4.3.4 Noise level
As already illustrated in the previous chapter, noise level is a parameter of
the utmost importance when photoacoustic spectroscopy is considered, as it
directly influences the detection limit of the sensor.
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Figure 4.11: Acoustic noise as a function of flow rate. Circles represent the measured
noise value averaged over 10 minutes with 10 s integration time, errorbars correspond
to standard deviation of measured signal. Flow rates up to 1000 sccm have been tested
without major effects on the overall noise.
Noise level has been measured as a function of the gas flow passing through
the cell, and results are depicted in Fig. 4.11. Measurements have been per-
formed at the resonant frequency, by placing the cell in the isolating wooden
box described in § 3.3.2, and by recording the noise signals with an integra-
tion time of 10 s. Results illustrate a noise level between 7 an 9 µV with a
standard deviation around 4 µV, whereas gas flow shows no influence on the
observed values; these values, obtained with the same type of microphone and
preamplifier as the first Helmholtz cell, are approximately 3 times higher for
both average and standard deviation, which is explained by the much lower
operating frequency of the differential cell.
4.4 Differential measurements
4.4.1 Characterisation of the laser sources
Two different laser sources have been utilised in conjunction with the differ-
ential cell. The first one is a 760 nm vertical-cavity surface-emitting laser
(VCSEL), used to perform oxygen measurements; the second is a DFB laser
emitting at 1650 nm, and has been implemented to detect methane.
4.4.1.1 VCSEL for oxygen detection
Oxygen sensing is extensively used in several biochemical and medical ap-
plications [8, 9], as well as in the industrial [10] and the environmental [11]
fields.
Intensity of oxygen absorption lines is very low. In fact, as already in-
troduced in § 2.2, O2 is a homonuclear molecule, so that its vibrational and
rotational transitions are forbidden. Hence, only electronic transitions are ac-
tive, and give rise to a weak absorption band (b1Σ+g ← X3Σ−g ) located in the
760 - 770 nm region, whose corresponding absorption coefficients at ambient
temperature and pressure are in the order of 10−3 cm−1 [12].
Nonetheless, despite the weak absorption lines, oxygen optical detection
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Figure 4.12: Output power of the VCSEL as a function of injection current for
T = 25◦C. Threshold current is approximately 3.3 mA, whereas highest measured
power is slightly less than 0.6 mW.
techniques have been investigated since the 80s [13], generally using DFB
lasers [14, 15] or VCSELs [15, 16, 17, 18] though the use of other sources has
also been reported [19, 20]. Photoacoustic spectroscopy of oxygen using both
DFB and VCSEL sources has been demonstrated as well [21].
In this application, the selected source to perform oxygen sensing is a
commercially available VCSEL emitting at 760 nm. Thanks to their simple
manufacturing technology, VCSELs offer a very competitive cost with respect
to other available sources emitting in the same spectral region, such as DFB
and external-cavity diode lasers (ECDL), whose price is more than 10 times
higher. On the other hand, they deliver an optical power in the order of
1 mW, which is considerably lower compared to the few tens (DFB) or even
few hundreds (ECDL) of milliwatts supplied by other sources.
Fig. 4.12 illustrates the VCSEL output power observed for a laser tem-
perature of 25◦C; optical power was measured using an optical powermeter
mounted directly in front of the source; injection current values are much
lower compared to standard DFB lasers, ranging from a threshold of 3.3 mA
to a maximum allowed current of 5.5 mA, beyond which the laser is no longer
guaranteed to provide a single-mode emission. The highest measured power
is slightly below 0.6 mW.
Another significant difference with respect to DFB lasers is the relation be-
tween laser temperature and output power. In a DFB laser, power is inversely
proportional to temperature in the whole operating range of the device. When
VCSELs are considered, this rule is only valid down to a certain temperature
value; for lower temperatures, output power begins to decrease, as shown in
Fig. 4.13 for the selected VCSEL. This atypical behaviour is due to the fact
that VCSELs present a very short optical cavity, resulting in a mismatch be-
tween gain curve and cavity mode when temperature variations are important.
Due to their low operating current, VCSELs are very low power-consuming
devices; on the other hand, their wavelength is much more sensible to injection
current than compared to standard DFB laser, so that few microamperes of
current noise are sufficient to induce a significant wavelength instability. In
this purpose, two laser drivers have been tested, showing respective current
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Figure 4.13: Dependence of the VCSEL power on the temperature. Output power
increases till temperature goes down to a limit value, then decreases again.
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Figure 4.14: Wavelength tuneability of the VCSEL as a function of temperature,
measured for injection currents between 4 and 5 mA with a 0.5 mA step.
noises of 5 and 1.5 µA. Fig. 4.14 illustrates the wavelength tuneability of
the VCSEL for injection currents between 4 and 5 mA, measured using the
second driver; the current noise effect is clearly visible. A very good linearity
is obtained both over temperature and over current, with respective tuning
coefficients of 0.28 nm/mA (-148 GHz/mA) and 0.056 nm/◦C (-28.9 GHz/◦C),
but the three observed curves are slightly noisy. In fact, due to the very high
current tuning coefficient, the resulting incertitude on the VCSEL wavelength
is approximately 0.42 pm (220 MHz); when the first driver is used, this value
reaches as much as 1.4 pm (740 MHz), thus becoming comparable to the
typical HWHM linewidth of an absorption line (∼ 1.5 GHz).
Fig. 4.15 depicts the spectrum of pure oxygen saturated with water vapour
(2.3% at room temperature), obtained by scanning the laser temperature be-
tween 15◦C and 40◦C, and by intensity-modulating the injection current with
a square signal of 3 mA around a 4 mA operating setpoint, compared with the
spectrum calculated from the HITRAN database. There is a good agreement
between experimental and theoretical values, but the observed photoacoustic
signal is in the order of magnitude of only 100 µV.
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Figure 4.15: Oxygen spectrum measured with the selected VCSEL, using a square
current modulation (4 ± 1.5 mA, solid curve with dots), for temperatures between
15 ◦C and 40 ◦C, along with calculated spectrum from HITRAN database (solid
curve).
4.4.1.2 DFB laser for methane detection
An example of methane detection, along with a description of its spectroscopic
properties, has already been discussed in the previous chapter (§ 3.3.3 and
3.4.3). In that case, the investigated lines were located within the ν˜1 + ν˜4
band, matching the 2.37 µm emission of the antimonide laser diode.
In this application, the 2ν˜3 band, located in the 1.65 µm region, has been
selected, taking benefit from a commercially available DFB laser emitting at
this wavelength and supplied with a fibre-coupled output. A standard current
and temperature driver, with respective resolutions of 0.01 mA and 0.1◦C has
been used to control the laser parameters.
Fig. 4.16 illustrates the output power of the DFB laser, measured con-
necting the laser fibre output to an optical powermeter. As expected, after a
threshold located between 10 and 20 mA, the optical power is linearly propor-
tional to the injection current and inversely proportional to the temperature,
with a maximum measured power of approximately 20 mW (@ T = 10◦C and
I = 140 mA).
Wavelength and tuneability of the laser are depicted in Fig. 4.17. A
nice continuous tuneability over more than 3 nm is observed when injection
current and temperature are modified. Corresponding tuning coefficients are
-0.81 GHz/mA (0.0073 nm/mA) and -12.6 GHz/◦C (0.11 nm/◦C).
The probed methane absorption line is illustrated in Fig. 4.18; the cell is
filled with 5000 ppm of CH4, the laser temperature is scanned between 15
◦C
and 30◦C, and the injection current is intensity-modulated with a square signal
of 140 mA around a 70 mA operating setpoint; the measured line is in good
agreement with the theoretical calculations from HITRAN.
Main characteristics of both sources are summarised in Table 4.2. It is
interesting to notice the opposite behaviour of the lasers when temperature-
and current-tuning are considered. Dependence of the VCSEL wavelength on
injection current is 5 times stronger with respect to the temperature, whereas
the temperature-tuning coefficient of the DFB laser is more than 10 times
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Figure 4.16: Output power of the DFB laser as a function of injection current, mea-
sured at temperatures between 10◦C and 40◦C with a 5◦C step.
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Figure 4.17: Wavelength tuneability of the DFB laser as a function of temperature,
measured for injection currents between 25 and 100 mA with a 25 mA step.
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Figure 4.18: Methane absorption line measured with the selected DFB laser, using
a square current modulation (70 ± 70 mA, solid curve with dots), for temperatures
between 15 ◦C and 35 ◦C, along with calculated spectrum from HITRAN database
(solid curve).
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Gas O2 CH4
Source VCSEL DFB
Operating wavelength [nm] 760.9 1651.0
Spectral range [nm] 759.8 - 761.5 1648.5 - 1652.2
Temp. tuning [nm/◦C] 0.056 0.11
Current tuning [nm/mA] 0.28 0.0073
Tset [
◦C] 22.9 26.1
Iset [mA] 4.0 130.3
Average power [mW] 0.2 15
Table 4.2: Main characteristics of the VCSEL and of the DFB laser used with the
differential cell. Tset and Iset are the temperature and current operating point of the
corresponding laser, respectively. The average power is obtained for the operating
conditions at Tset and Iset.
larger than the current-tuning.
4.4.2 Description of the experimental setup
The setup used to perform differential measurements is similar to the one
described in the case of the first cell, in § 3.4.2, with the exception of some
bulk optics elements needed to collimate and align the laser beam.
When performing methane measurements, the DFB laser diode is con-
nected to an optical collimator, which provides the desired parallel beam. In
the case of oxygen detection, an 8 mm focal lens is mounted on a 3-axes micro-
displacement stage and positioned in front of the VCSEL, so that the beam
is efficiently collimated.
The laser beam is aligned perpendicularly with respect to the cell volumes;
a beam splitter cube deviates part of the light into the first volume, whereas
the remaining light is reflected by a suitable mirror and fed into the second
volume. Intensities of transmitted and reflected light are approximately the
same in the case of the VCSEL, whereas intensity of the reflected light is
sensibly higher with respect to the transmitted light when the DFB laser is
considered, due to the uneven behaviour of the beam splitter at the DFB wave-
length. The resulting unbalanced power distribution has to be compensated
by a suitable alignment of the bulk optics element. This alignment proves
to be very critical, and micro-adjustment systems have to be used on both
steering elements in order to optimise and balance the photoacoustic signals
generated inside the cell volumes.
Fig. 4.19 shows a picture of the sensor. The setup is completed with a
laser driver, a lock-in amplifier to detect the microphone signal, and a system
of mass-flow controllers and certified gas cylinders to provide the desired gas
concentrations. An H2O saturator is implemented between the O2 cylinder
and the sensor, in order to add to the gas compound a certain percentage of
water vapour, playing the role of enhancing deactivation of oxygen molecules
to catalyse the relaxation process (see Fig. 4.20).
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Micro-displacement stage
Figure 4.19: Picture of the experimental setup with the VCSEL. Bulk optics elements
are visible at the bottom of the picture, whereas the photoacoustic cell is in the upper
part.
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Figure 4.20: Scheme of the experimental setup. Oxygen concentration is determined
by certified gas cylinders connected to mass-flow controllers (MFC). An H2O saturator
adds a certain percentage of water vapour to the gas compound. Laser diode (LD)
is temperature- and current-controlled through a laser driver. Beam splitter and
mirror direct the light beams into the cell volumes with an optimised incidence angle.
Microphone signal is preamplified and detected with a lock-in amplifier.
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Figure 4.21: Photoacoustic signal as a function of the difference between CH4 concen-
trations in the volumes. When the concentrations values are closer, the signal is no
longer linear with respect to ∆C, resulting in a non-zero value when concentrations
are identical.
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4.4.3 R - θ and x - y detection schemes
Fig. 4.21 reports the observed microphone signal as a function of the difference
∆C between methane concentrations in the two volumes of the cell. One vol-
ume is filled with a fixed concentration of 5000 ppm, whereas the concentration
in the other volume is gradually increased from 0 to 5000 ppm. The proce-
dure is then repeated by inverting the concentrations in the volumes. The
DFB laser is wavelength-modulated with an optimised modulation depth of
± 6.3 mA, while the operating point is set by an injection current of 130.3 mA
and a temperature of 26.1◦C.
As long as the concentration difference is higher than 1000 ppm, the cor-
responding PA signal follows an expected linear trend proportional to ∆C.
Nevertheless, when the concentration values become comparable and their
difference gets closer to zero, the PA signal is no longer linear with respect to
∆C, eventually resulting in a residual non-zero signal when the concentrations
inside the volumes are identical.
Both the non linearity and the presence of a residual signal are a direct
consequence of the non achievement of the desired π phase shift between the
volumes, as it will be demonstrated in the appendix A.1.
The described effects are more important when the difference between
concentrations is small, which is definitely the most interesting range when
performing differential measurements; hence, measuring only the magnitude
of the obtained differential photoacoustic signal is not an efficient way to
determine the sought concentration difference.
A sensitive improvement is obtained when exploiting a different detection
scheme provided by the lock-in amplifier, which allows to measure separately
the in-phase (x) and the quadrature (y) components of a signal, differently
from the standard detection scheme supplying magnitude (R) and phase (θ).
The proposed solution consists in reducing to zero the x component of the
residual PA signal observed when gas concentrations are identical, which can
be achieved by setting the lock-in internal phase to a proper value. Theoret-
ical calculations, detailed in the appendix A.2, show that in this way the x
component of the PA signal becomes linear with respect to ∆C.
Fig. 4.22 shows the observed x component of the PA signal as a function
of the difference between CH4 concentrations in the volumes. In the whole
concentration difference range of ± 500 ppm, the in-phase component shows
a very good linearity (correlation factor R2 = 0.997) with respect to the con-
centration difference ∆C, thus providing a more accurate and efficient way to
determine it.
When trying to apply the same detection scheme to perform oxygen de-
tection, several problems are experienced. As shown by the measured O2
spectrum (Fig. 4.15), the observed photoacoustic signal for an oxygen con-
centration of 100% is approximately 100 µV; when comparing this value to
the noise level, evaluated at few microvolts, the resulting SNR is very poor.
Origin of these extremely low values is multiple: first of all the probed absorp-
tion lines, resulting from electronic transitions, show a very small intensity, so
that corresponding absorption coefficients at ambient pressure and tempera-
ture are in the 10−3 cm−1 range; the available VCSEL power is very low as
well, providing an average value of only 0.2 mW; moreover, the very low SNR
does not concretely allow a fine alignment of the two arms of the laser beam,
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Figure 4.22: x component of the photoacoustic signal as a function of the difference
between CH4 concentrations in the volumes. Dots are measured values, errorbars
correspond to uncertainties on the signal (vertical axis) and on the concentration
difference (horizontal axis), solid line is a linear fit. A good linearity is observed
between measured signal and concentration difference.
so that the PA signal cannot be properly optimised.
The resulting situation makes oxygen detection very difficult. An example
is illustrated in Fig. 4.23; both volumes are filled with pure oxygen saturated
with 1.15% of water vapour, and the reported signal is obtained by letting
both arms of the split beam enter the cell (from 0 to ∼ 10 minutes) or by al-
ternatively blocking one of the arms (respectively from ∼ 10 to ∼ 25 minutes
and from ∼ 25 minutes to the end). Intensities of the resulting average sig-
nals are lower than 50 µV, which makes any kind of measurement concretely
impossible.
4.4.4 Performances of the sensor
The achieved results, illustrated in the previous section, demonstrate the pos-
sibility to successfully perform differential photoacoustic spectroscopy using
the developed sensor.
The smallest detectable methane concentration difference, corresponding
to three times the standard variation of the noise signal σN , is approximately
20 ppm (corresponding to 0.4% of the absolute concentrations), which, as
summarised in Table 4.3, leads to an ultimate detection sensitivity of 8.54·10−7
W·cm−1Hz−1/2.
This value is more than 2 orders of magnitude higher when compared to the
sensor described in the previous chapter, which is due to several factors. First
of all, the implementation of a rubber membrane, though thinner than 1 mm,
induces a severe loss on acoustic signals, as already shown in § 4.3.2. Fur-
thermore, the utilised beam splitter shows a strongly asymmetrical behaviour
at the operating wavelength, resulting in a disproportioned distribution of
the transmitted (approximately 10%) and the reflected (the remaining 90%)
optical powers. As a consequence, the reflected beam has to be misaligned
with respect to its optimum incidence angle and position, in order to balance
the photoacoustic signals separately generated in the volumes for the same
methane concentration, and this reduces the available signals. Finally, due to
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Figure 4.23: Evolution of the x component of the oxygen photoacoustic signal as
a function of time. Both volumes are filled with pure oxygen saturated with water
vapour. From 0 to ∼ 10 minutes both volumes are illuminated, from ∼ 10 to ∼ 25
minutes only one volume is illuminated, while from ∼25 minutes on, only the opposite
volume is illuminated.
Photoacoustic sensor performances
α0 [cm
−1] 0.45
P0 [W] 15·10−3
τint [s] 10
3σN [µV] 16.5
∆Clim [ppm] 20
D [W·cm−1Hz−1/2] 8.54·10−7
Table 4.3: Summary of the differential photoacoustic sensor performances.
the low selected resonant frequency, the observed noise level is higher, leading
to a further decrease of the signal-to-noise ratio.
As far as oxygen detection is concerned, the selected VCSEL does not
supply a sufficiently high optical power to perform efficient measurements.
Taking into account the calculated sensitivity, to achieve a typical detection
limit of 1% using this sensor, an optical power of 10 mW is required.
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Chapter 5
Conclusion
The purpose of the present thesis has been to demonstrate the good per-
formances of Helmholtz acoustic resonators applied to photoacoustic spec-
troscopy. Two fully novel different Helmholtz-based photoacoustic cells have
been developed, and their design, characterisation and spectroscopic perfor-
mances have been described into details in separate chapters.
The development of the two cells has been carried out with the support of
several mathematical simulations, taking benefit from the theory of acoustic
resonators, as much as from some models based on well-established analogies
between acoustic and electrical domains. The different technical constraints,
imposed by the characteristic properties of the selected laser sources, or by
the required external elements to perform the measurements, have also played
a fundamental role within the final design of the cells.
The first sensor has been designed to suit the peculiar properties of some
recently developed antimonide-based DFB lasers emitting in the region be-
tween 2 and 2.7 µm. The supplied highly divergent emission has been injected
into the cell without any collecting optics, and the multiple reflections of the
laser beam inside the excitation volume have been positively exploited to in-
crease the interaction path between light and gas. A meticulous optimisation
effort to enhance the photoacoustic signal, through a suitable gold coating on
the internal cell walls, a fine adjustment of the cell dimensions and an ac-
curate choice of the modulation scheme, as well as the reduction of external
noise thanks to the use of silencers and of an isolating chamber, has led to
the achievement of a sub-ppm detection limit for ammonia sensing, performed
with a laser emitting few milliwatts of optical power. The described sensor
proves to be compact and easy of use, as the overall dimensions of the cell are
smaller than 10 cm and no precise alignment of the laser source is needed.
The second sensor has been developed for a particular application, which
consists in delivering a measurement of the difference between two concentra-
tions of the same gas. The theoretical π phase shift existing between the two
volumes of a Helmholtz resonator has been exploited to obtain a photoacoustic
signal proportional to the sought concentration difference, each volume being
illuminated by a fraction of the same laser beam. The actual phase shift being
slightly lower than π, an x - y detection scheme has been implemented instead
of the common R - θ scheme, in order to obtain a linear and zero-background
relation between the photoacoustic signal and the gas concentrations differ-
ence. The requirement for a collimated laser beam and for a balanced optical
power distribution between the two cell volumes has led to the utilisation
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of some external bulk optics elements. Though more complex and less per-
forming with respect to the first sensor, this intrinsically differential sensor
offers the concrete possibility to perform, with a single instrument, a type of
measurement which would normally require two separate sensing devices.
Perspectives
To conclude this thesis, some interesting applications or future developments
of the described sensors are given.
The experimental results illustrated within this work have been obtained in
laboratory facilities. An implementation of the developed sensors for in situ
measurements, not yet performed, would provide a more complete analysis
of their performances and of their concrete possibility of application in any
measurement field.
The first sensor, which offers the possibility to positively exploit the di-
vergence of a laser beam and makes no use of any bulk optics, can find very
favourable applications in conjunction with the newly developed quantum cas-
cade lasers, which are step-by-step taking over the role of reference source for
spectroscopy when mid infrared range is considered. The availability of high
optical powers and of stronger absorption lines than in the telecoms range
may sensibly improve the detection limit achieved within this work. In the
purpose to perform in situ measurements, the integration of a reference cell
to stabilise the laser wavelength, as well as the implementation of a technique
to normalise the PA signal by the optical power (for instance, using both 1f
and 2f detections and monitoring the wall noise, directly proportional to the
power) should be considered as well.
Concerning the second sensor, beside the implementation of a more pow-
erful source in order to efficiently perform oxygen detection, the availability of
two separate volumes may prove very helpful in isotope monitoring applica-
tions; in this case, one volume would be filled with a reference substance whose
isotopic ratio is known, while the other would contain the same substance, but
showing a different isotopic ratio, the resulting signal being proportional to
the difference of the two.
Appendix A
Differential photoacoustic
signal
This appendix is meant to illustrate some theoretical calculations concern-
ing the photoacoustic signal generated in the differential sensor described in
chapter 4.
Two sections will be included; the first one will concern the quantitative
influence of the phase shift between the volumes on the differential signal;
the second section will be dedicated to demonstrate the linearity of the x
component of the signal with respect to the concentration difference ∆C when
the internal phase of the lock-in amplifier used to perform the detection is set
to a proper value.
A.1 Influence of the phase shift
The photoacoustic signal detected by the microphone in the differential pho-
toacoustic cell can be expressed as the sum of the contributions p1 and p2
generated in the two volumes:
pdiff = p1e
jϕ1 + p2e
j(ϕ1+∆ϕ) [Pa] (A.1)
where ϕ1 is the phase of the signal generated in the first volume and ∆ϕ
the phase shift between the volumes. When assuming that the gas concen-
trations and the optical power in the volumes, and therefore the respective
photoacoustic signals, are identical, eq. (A.1) becomes:
pdiff = p1e
jϕ1(1 + ej∆ϕ) [Pa] (A.2)
If ∆ϕ is equal to π, the two terms within brackets compensate reciprocally
and the resulting signal is null, which corresponds to the ideal case.
On the contrary, if ∆ϕ is even slightly different from π, magnitude of pdiff
increases rapidly, as reported in Fig. A.1; as an example, when the phase shift
is 174◦, hardly 6◦ lower than π, the resulting photoacoustic signal reaches a
value as high as 10% of p1.
A second direct consequence of the non-achievement of a π phase shift is
the no longer linear dependence of the differential photoacoustic signal pdiff
on the difference between the magnitudes of the two volumes contributions
∆p = p1 − p2. Fig. A.2 illustrates the theoretical evolution of this relation for
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Figure A.1: Theoretical dependence of the differential photoacoustic signal resulting
from two identical gas concentrations as a function of the phase shift. Magnitude of
the differential signal reaches 10% of a single volume signal for a 174◦ phase shift.
−20 −10 0 10 20
0
5
10
15
20
 ∆p [a.u.]
p
d
if
f [
a
.u
.]
∆ϕ = 180°
∆ϕ = 170°
∆ϕ = 160°
Figure A.2: Theoretical dependence of the differential photoacoustic signal as a func-
tion of the two volumes contributions, calculated for phase shifts of 180◦ (solid line),
170◦ (dashed line) and 160◦ (dotted line).
three different phase shift values: 180◦, 170◦ and 160◦. As long as the phase
shift decreases, the linearity is respected only for large signal differences.
The observed PA signal as a function of methane concentration, reported
in Fig. 4.21, follows a very similar trend to the dashed curve, calculated for
a phase shift of 170◦, which is the actual value of the observed phase shift
between the volumes (see § 4.3.3).
A.2 In-phase and quadrature components
An efficient method to obtain a linear measurement with respect to the dif-
ference between the two volumes contributions, and therefore between the
gas concentrations, is proposed in § 4.4.3, and takes benefit from the x - y
detection scheme provided by the lock-in amplifier. This method concretely
consists in setting the internal phase of the lock-in amplifier to a suitable value,
so that the resulting in-phase component xdiff of the PA signal corresponding
to a zero concentration difference is null. A theoretical demonstration of the
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linearity of this method is presented hereafter.
The in-phase component of the PA signal can be written by taking the
real part of eq. (A.1):
xdiff = Re[pdiff ] = p1 cos(ϕ1) + p2 cos(ϕ1 + ∆ϕ) [Pa] (A.3)
Assuming that magnitudes of the two contributions are identical, this
equation becomes:
xdiff = p1 [cos(ϕ1) + cos(ϕ1 + ∆ϕ)] [Pa] (A.4)
When the internal phase of the lock-in amplifier is set to have xdiff equal
to zero, the term within brackets fulfills the following condition:
cos(ϕ1) = − cos(ϕ1 + ∆ϕ) [-] (A.5)
which is obtained when:
ϕ1 + ∆ϕ = π − ϕ1 ⇒ ϕ1 = π −∆ϕ
2
[rad] (A.6)
Merging eq. (A.6) into eq. (A.3) the dependence of xdiff on the two
contributions can be expressed as:
xdiff = p1 cos
(
π −∆ϕ
2
)
+ p2 cos
(
π + ∆ϕ
2
)
[Pa] (A.7)
Finally, taking advantage of some well known trigonometric relations, the
following expression is obtained:
xdiff = p1 sin
(
∆ϕ
2
)
− p2 sin
(
∆ϕ
2
)
=
= sin
(
∆ϕ
2
)
(p1 − p2) [Pa] (A.8)
which demonstrates the linear dependence of the in-phase component of the
photoacoustic signal on the difference between the two contributions p1 and p2,
and hence on the concentration difference ∆C, as illustrated experimentally
in chapter 4 in the case of methane measurements (Fig. 4.22).
Furthermore, as long as the phase shift higher than 160◦, the term sin
(
∆ϕ
2
)
is very close to 1, so that the resulting signal loss is lower than 2%.
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Nomenclature
List of symbols
α(ν˜) Absorption coefficient of a molecule
α0 Normalized absorption coefficient of a molecule
βT Coefficient of thermal expansion
∆ωn Broadening of the n
th acoustic mode
∆ϕ Phase shift between the volumes of a Helmholtz resonator
∆C Difference between gas concentrations
∆Clim Lowest detectable difference between gas concentrations
∆E Broadening of an energy level
∆f Equivalent noise bandwidth
∆p Difference between the magnitudes of the two volumes contri-
butions to the differential photoacoustic signal
∆ν˜ Broadening of an absorption line
∆ν˜D Doppler broadening of an absorption line
∆ν˜L Characteristic width of a lorentzian profile
∆ν˜V Characteristic width of a Voigt profile
∆ν˜coll Collisional broadening of an absorption line
∆ν˜nat Natural broadening of an absorption line
ǫ Thickness of a membrane
η Coefficient of sheer viscosity
ηb Coefficient of bulk viscosity
γ Ratio of specific heats at constant pressure and volume
γmn n
th extremum of first order Bessel function Jm
κT Isothermal compressibility
Λ Acoustic wavelength
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λ Optical wavelength
µ Poisson’s ratio of a material
ν Frequency of the lightwave (in Hertz)
ω Angular frequency
ω0 Resonant angular frequency of an ideal lossless resonator
ωn Resonant angular frequency of the n
th acoustic mode
ωres Resonant angular frequency
φ Incident photon flux
φ0 Average incident photon flux
ρ Density
ρ0 Steady state density
ρa Density variation
σ(ν˜) Absorption cross section of a molecule
σN Noise standard deviation
σpeak Cross section peak value
τint Integration time
τ−1Mj−Mk Relaxation rate of molecule Mj through collisions with molecule
Mk
τ−1oth Relaxation rate of molecule Mj through collisions with all other
molecules
τm Global lifetime of an excited level
τcoll Mean time between collisions of a molecule
τmnr Non-radiative lifetime of an excited level
τmr Radiative lifetime of an excited level
τsp Characteristic lifetime of an energy level
ν˜ Frequency of the lightwave (in cm−1)
ν˜0 Transition frequency in a stationary molecule
ν˜las Laser frequency
ϕ Arbitrary phase value
ϕ1 Phase of the first volume contribution to the differential pho-
toacoustic signal
D Electrical dipolar momentum of a molecule
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De Electronic contribution to the electrical dipolar momentum
DN Nuclear contribution to the electrical dipolar momentum
Rnm Matrix element of the electrical dipolar momentum
r Spatial propagation vector
vl Longitudinal fluid velocity
v Fluid velocity
h¯ Reduced Planck constant
a Radius of a duct or of a resonator
An Amplitude of the n
th acoustic mode
Anm Einstein coefficient for spontaneous emission
Bnm Einstein coefficient for absorption
c Light velocity in vacuum
Ci Acoustic compliance
Cj Concentration of measured molecule Mj
Ck Concentration of buffer gas molecules Mk
Cp Specific heat at constant pressure
cs Sound velocity
Cv Specific heat at constant volume
Ccell Cell constant
Cgas Gas concentration
Clim Lowest detectable concentration
Cmic Cell constant including microphone characteristics
D Detection sensitivity
d Diameter of a membrane
Dv Coefficient of viscosity
E Energy of a molecule
Ee Electronic energy of a molecule
Em Upper energy state of a molecule
EN Nuclear energy of a molecule
En Lower energy state of a molecule
Er Rotational energy of a molecule
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Ev Vibrational energy of a molecule
EY Young’s modulus of a material
f Frequency
f0 Resonant frequency
Fn Normalised overlap integral
fkmn Resonant frequencies of a cylindrical resonator
fm0 Fundamental resonant frequency of a membrane
g Broadening coefficient
g(r) Normalised spatial distribution of the laser beam
g(ν˜) Normalized shape of an absorption line
gD(ν˜) Normalized gaussian profile
gL(ν˜) Normalized lorentzian profile
Gm Gain of the microphone preamplifier
gn Degeneracy of an energy state
gV (ν˜) Normalized Voigt profile
gair Air-broadening coefficient
gself Self-broadening coefficient
H Heat production rate
h Planck constant
H0 Average heat production rate
h1, h2 Heights of the volumes of a Helmholtz resonator
I Current (acoustic-electrical analogy)
I0(ν˜) Intensity of the incident light
Ia(ν˜) Intensity of the absorbed light
Iset Operating laser injection current
Jm First order Bessel function
K Acoustic wavenumber
k Boltzmann constant
KT Thermal conductivity
L Acoustic mass
l Length of a duct or of a resonator
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l′ Open-end corrected duct length of a Helmholtz resonator
LC Supplementary acoustic mass
lpath Length of the interaction path between light and gas
lsil Length of the pipe and of the volume of a silencer
M Molar mass of a gas
Mj Measured molecule
Mk Buffer gas molecules
Mm Sensitivity of the microphone
N Density of a gas
Nm Population of the upper level of a molecule
Nn Population of the lower level of a molecule
nT Temperature coefficient for collisional broadening
p Pressure
P0 Incident optical power
p0 Steady state pressure
p1, p2 Volumes contributions to the differential photoacoustic signal
pa Pressure variation
pn Spatial distribution of the n
th acoustic mode
pdiff Differential photoacoustic signal
pself Partial pressure of the excited molecule
Q Quality factor
Qn Quality factor of the n
th acoustic mode
Qint Total internal partition function
R Perfect gas constant
R - θ Magnitude and phase detection scheme
r1, r2 Radii of the volumes of a Helmholtz resonator
Rac Acoustic resistance
S Intensity of an absorption line
T Absolute temperature
t Time
T0 Reference temperature
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Ta Temperature variation
Tset Operating laser temperature
U(r, ω) Voltage (acoustic-electrical analogy)
v Velocity of a molecule
Vi Volume of a Helmholtz resonator
Vres Volume of a resonator
x - y In-phase and quadrature components detection scheme
xdiff Phase component of the differential photoacoustic signal
Z(r, ω) Acoustic impedance
List of acronyms
CRDS Cavity ring-down spectroscopy
CW Continuous wave
DFB Distributed feedback
DFG Difference frequency generation
ECDL External cavity diode laser
FIR Far infrared
FMS Frequency modulation spectroscopy
HWHM Half width at half maximum
IM Intensity modulation
IR Infrared
LD Laser diode
LDP Low density polyethylene
MFC Mass-flow controller
MIR Mid infrared
NBR Nitrile butadiene rubber
NIR Near infrared
NR/SBR Natural rubber/Styrene butadiene rubber
OPO Optical parametric oscillator
PA Photoacoustic
PAS Photoacoustic spectroscopy
ppb Parts-per-billion
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PPLN Periodically poled lithium niobate
ppm Parts-per-million
QCL Quantum cascade lasers
QEPAS Quartz-enhanced photoacoustic spectroscopy
sccm Standard cubic centimetres per minute
SMSR Side mode suppression ratio
SNR Signal-to-noise ratio
UV Ultraviolet
VCSEL Vertical-cavity surface-emitting laser
WM Wavelength modulation
WMS Wavelength modulation spectroscopy
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